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Charge transport through molecular tunnel junctions is central to the 
development of next-generation molecular electronic devices. In practice, the 
overall charge transport characteristics are affected by multiple factors, 
including electrode material, molecule-electrode interfaces, electronic and 
supramolecular structure of the molecule layer. To promote the understanding 
of charge transport in molecular tunnel junctions, it is indispensable to design 
suitable platforms where these effects can be disentangled and studied 
separately. We show in this thesis how we can control the electrical 
characteristics of molecular junctions by engineering these parameters.  
We show in Chapter 3 that by employing highly stable graphene as the 
bottom electrode and robust noncovalent molecule-electrode interaction, we 
fabricated highly stable molecular tunnel junction under ambient conditions. 
Alkylamine formed high quality SAMs on graphene through van der Waals 
interaction and completed with EGaIn top electrodes, the molecular tunnel 
junctions were stable under ambient conditions for more than 30 days. Chapter 
4 shows that the intermolecular interactions dictate to the supramolecular 
packing structure in SAM based junctions and result in a subtle odd-even 
effect in charge transport characteristics. By using both DC and AC electrical 
measurements, together with molecular dynamics simulation, we found that 
the odd-even effect originates from the intrinsic properties of SAMs and 
should always be considered in the rational design of SAM based molecular 
junctions. Chapter 5 shows that by keeping supramolecular structure constant 
and varying electronic structure, the electrical characteristics of SAM based 
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junctions can be varied by two orders of magnitude, suggesting the importance 
of electronic design of molecular tunnel junctions. While only supramolecular 
structure was changed in Chapter 4 and only electronic structure was changed 
in Chapter 5, Chapter 6 shows that in a system where supramolecular structure 
and electronic structure change simultaneously, the electronic effect was 
overshadowed by the supramolecular effect. By changing the connector group 
between the functional group (Fc) and linker group (alkyl chain) in molecular 
structure, both the SAM packing structure (surface coverage, molecule 
orientation) and electronic structure (HOMO level) were changed. We found 
that the junctions behavior as either molecular diode or resistor, which show 
clear correlation with the supramolecular structure and not the electronic 
structure. While Chapter 3 has shown the importance of molecule-electrode 
interaction on the stability of molecular tunnel junctions, Chapter 7 further 
show that van der Waals molecule-electrode coupling result in electronic 
functions of molecular tunnel junctions. Fc-terminated molecules form SAMs 
through the π-π interaction and the noncovalent interaction make the HOMO 
level localized on the molecule to participate in the charge transport only in 
positive biases. We achieved molecular diodes with rectification ratio up to 40 
by controlling the molecule-electrode interactions and thus showed the 
importance of molecule-electrode interaction in the understanding and control 
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growth. The height distributions are obtained using NanoScope Analysis 
software. The black dashed lines indicate the height of SiO2/Si substrates 
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height of multilayer graphene flakes, and the violet dashed lines indicate the 
height of multilayer graphene flakes with SAM. The distance between the blue 
and violet dash lines corresponds to the SAM height. All AFM images have a 
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Figure 3.5.  Average J(V) characteristics (measured with cone-shaped top 
electrodes) and the corresponding histograms of the current density at -1.0 V 
and -0.50 V for different junctions on graphene. Each data point in J(V) 
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junction. 
Figure 3.6. Charge transport through SAMs on graphene measured with cone-
shaped top electrodes. (a) Semi-log plots of the current density vs. applied bias 
of Cu//Graphene//H2NCn//GaOx
cond
/EGaIn with n = 8, 10, 12, 14 and 16. The 
inset shows the J(V) characteristics in the low bias regime for a junction with 
H2NC10 SAM. (b)  Semi-log plots of the value of |J| determined at -1.0 V and 
-0.5 V vs. d (obtained from AFM measurements) with the corresponding fit to 
equation (3.2) and 95% confidence level bands. The error bars represent 
standard deviation of log10|J| of each junction.  
Figure 3.7.  Plots of all the measured current density values at -1.0 V 
(measured with cone-shaped top electrodes) and the corresponding fit using 
method 2. 
Figure 3.8.  Semi-log plots of the value of |J| determined at +1.0 V and +0.5 
V vs. d (experimentally obtained from AFM measurements) with the 
corresponding fit to equation (3.2) and 95% confidence level bands. The error 
bars represent standard deviation of log10|J| of each junction. We determined a 
value of β = 0.80 ± 0.20 Å-1, or equivalently 0.99 ± 0.16  at V = +0.5V, β = 
0.80 ± 0.16 Å
-1











Figure 3.9.  J(V) characteristics of junction without SAM between graphene 
and top electrode (measured with cone-shaped top electrodes), The error bars 
represent standard deviation of all measured values of log10|J|.  
Figure 3.10.  Kramers-Kronig residual plots of the 
Cu//Graphene//H2NCn//GaOx
cond
/EGaIn junctions with n=8 (a), 10 (b), 12 (c), 
14 (d), 16 (e). 
Figure 3.11. Residual plots for the equivalent circuit model fitting to the 
Cu//Graphene//H2NCn//GaOx
cond
/EGaIn junctions with n=8 (a), 10 (b), 12 (c), 
14 (d), 16 (e). 
Figure 3.12. (a) Frequency dependent phase of the junctions and the 
corresponding fits to the equivalent circuits. Nyquist plots of junctions with 
SAMs of (b) NH2C8 and NH2C10, and (c) NH2C12, NH2C14 and NH2C16. 
Figure 3.13. Impedance spectroscopy of the junctions on graphene measured 
with PDMS confined microfluidic top electrodes. (a) The frequency 
dependency of modulus of complex impedance of the junctions with SAMs of 
n = 8, 10, 12, 14, or 16 with the fits (solid lines) to the equivalent circuit 
shown in the inset. (b) The value of RSAM and RC as a function of n (the red 
solid line is a fit to equation (3.4) and the red dashed line is a guide to the eye), 
(c) the value of CSAM as a function of 1/d (the d was obtained by AFM) with a 
fit (red solid line) to equation (3.5).  
Figure 3.14.  Kramers-Kronig residual plots of the 
Cu//Graphene//H2NC10//GaOx
cond
/EGaIn junctions measured at DC biases of  
(a) 0.1V, (b) 0.2V , (c) 0.3V, (d) 0.4V, (e) 0.5V  
Figure 3.15. Residual plots for the equivalent circuit model fitting to the 
Cu//Graphene//H2NC10//GaOx
cond
/EGaIn junctions measured at DC biases of  
(a) 0.1V, (b) 0.2V , (c) 0.3V, (d) 0.4V, (e) 0.5V.  
Figure 3.16. Frequency dependence of |Z| (d) and phase (e) of junctions with a 
SAM of NH2C10 as a function of the applied DC bias in the bias range of 0 to 
0.50 V in steps of 0.10 V. 
Figure 3.17. Bias dependent (a) Nyquist plots and fits to equivalent circuit of 
junction with SAM of H2NC10 at different DC in the bias range of ±0.50 V 
measured at intervals of 0.10 V and the corresponding (b) RSAM, RC and (c) 
CSAM as function of applied bias. 
Figure 3.18. Stability tests of the junctions measured with PDMS confined 
microfluidic top electrodes. (a) 1200 cycles J(V) curves for junctions with 
SAMs of H2NC8, H2NC12 and H2NC16. (b) Retention characteristics of 
junctions with SAMs of H2NC8, H2NC12 and H2NC16 at constant bias of -1.0 V 
(the current was sampled at intervals of 15 s). 
Figure 3.19. Stability tests of the junctions measured with PDMS confined 
microfluidic top electrodes. The J(V) characteristics of (a) a junction with a 
SAM of H2NC8 measured over a period of 9 days, (b) a junction with a SAM 
of H2NC10 measured for 31 days, and (c) a junctions with a SAM of H2NC14 
XV 
 
for a period of 35 days. (d) The J(V) characteristics of  junctions of H2NC12 
and H2NC16  monitored for a period of time of  29 or 35 days in ambient 
conditions (60-65% relative humidity at 298 K). 
Figure 3.20. The J(V) characteristics of a junction with SAM of H2NC8 as a 
function of temperature ranging from 100 to 340 K at intervals of 10 K.  
Figure 4.1. (a) Schematic illustration of Cu//Graphene//H2NCn//GaOx/EGaIn 
tunnel junction, with Ү1 andҮ2 indicate the SAM physisorption energy and 
packing energy, respectively. (b) Schematic illustration of the orientation of 
the alkyl chain (without –NH2) with neven and nodd, respectively. The dashed 
lines indicate the backbone of the molecule. Note that the intermolecular 
terminal methyl orientations in an odd-n alkane is equivalent to the 
orientations in an even-n alkylamine due to the presence of the -NH2 
anchoring group. (c) The equivalent circuit of the tunnel junctions. 
Figure 4.2. (a) Top views and (b) side views of SAMs with different n on 
graphene. An approximately 4-5-molecule in radius central region of the SAM 
is shown for n=8, 9, 12, 13, and 16; the full simulation cells each contain 784 
H2NCn molecules assembled on a 13 × 15 nm
2
 graphene sheet, as described in 
Methods. (c) SAM height as a function of nC. (d) Surface coverage of SAMs 
as a function of nC, the inset show the odd-even difference (∆Г) of surface 
coverage. (e) Odd-even difference (ΔE) of SAM packing energy and SAM 
physisorption energy. The ∆Г (or ∆E) value at each chain length is the 
deviation of the value at n from the average of values at n+1 and n-1.  
Figure 4.3.  Raman spectra of transferred graphene on SiO2/Si with H2NC10 
and H2NC11 SAM formed.  
Figure 4.4. (a) Atomic force microscopy image (1.0 µm × 1.0 µm) and (b) the 
corresponding height profiles of the three line scans of graphene//copper 
substrate. The root mean square (rms) roughness determined from the AFM 
image is 0.70 nm.   
Figure 4.5. Histogram of log10|J(±1.0)| for 
Cu//Graphene//H2NCn//GaOx/EGaIn junctions (n = 8-16) with Gaussian fits 
(red lines).   
Figure 4.6. Plots of the Gaussian mean of the values of |J| (<log10|J|>G) vs. 
applied bias for junctions with (a) neven and (b) nodd alklyamine SAMs. Each 
curve consists of 81 data points of a complete trace (0→1.0 V→-1.0 V→0 in 
steps of 50 mV). (c) Plots of all value of <log10|J|> determined at -1.0 V vs. n 
with the LAD fits (solid lines) to equation 4.1 and the corresponding 95% 
confidence level (dashed lines).    
Figure 4.7. Plots of <log10|J|>G determined at -1.0 V vs. n with fits (solid lines) 
to equation 4.1 and the corresponding 95% confidence level (dashed lines). 
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/EGaIn junctions  
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band spectra and (g) NEXAFS spectra of PTM radical and αH-PTM SAM on 
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 CHAPTER 1 
Introduction 
Abstract: The field of molecular electronics holds significant potential in 
developing next-generation electronic devices. However, further development 
of the field is still limited by the lack of suitable platforms that promote the 
understanding of the charge transport behaviors and sustain electronic 
functionalities. This Chapter answers the question why it is important to 
employ alternative bottom electrode, control supramolecular and electronic 
structure, and engineer the molecule-electrode interactions in order to achieve 
the goal. We first give a brief introduction to the background and development 
of the molecular electronics, followed by introduction to the mechanism of 
charge transport and molecular diodes. We then reviewed different bottom 
electrodes used to fabricate molecular tunnel junctions, the relevance of 
supramolecular and electronic structure and molecule-electrode interaction in 
charge transport in molecular tunnel junctions. Finally, we give the objective 







1.1 Background of molecular electronics  
Since Aviram and Ratner first proposed that a single organic molecule 
of the form donor-bridge-acceptor (D-b-A) could function as a diode like 
semiconductor p-n junction in 1974,
1
 molecular-scale electronics have become 
an interesting field to explore new physical concepts and develop possible 
applications in nanoelectronics. From a fundamental point of view, molecular-
scale electronic devices work in the quantum mechanics region and open 
avenues to control quantum mechanics phenomena with chemistry.
2
 with 
respect to the applications, the possibility to integrate infinite molecular 
functionalities into electronic devices may generate new device functionalities 
that are difficult or even impossible to achieve with conventional electronics.
2
 
A wide range of electrical functionalities have been achieved so far with single 










significant advances that are difficult to achieve in conventional electronics 
have been made with molecular electronic devices, such as quantum 
plasmonics controlled by charge tunnelling across organic molecule 
monolayers,
26




A typical molecular electronic device contains at least the following 
components: top and bottom electrodes, the molecule layer and molecule-
3 
 
electrode interfaces. Based on the number of molecules involved, molecular 
electronic devices can be categorize into single-molecule junctions and self-
assembled monolayers (SAM) based junctions. While only single molecule or 
a few molecules are involved in single-molecule junctions, SAM based 
junctions utilize a molecule ensemble that is extended in xy plane but limited 
to one-molecule height in z direction. Here we continued the following 
discussions mainly within the context of SAM-based junctions because our 
charge transport studies were all conducted in SAM based junctions. Figure 
1.1 shows the schematics of a SAM based junction and a typical molecule 
structure. In general, the molecular structure contains at least four parts: i) one 
or two anchoring groups to bind the molecule to one or both electrodes 
chemically; ii) a linker group to bind the active component of the molecule to 
the anchoring group; iii) the active component of the molecule (e.g., donor, 
acceptor, or a donor-bridge-acceptor moiety); iv) connector moieties that 
connect the active component to the linker groups.  
 
Figure 1.1. Schematic illustration of an ideal molecular tunnel junction and 
typical molecular structure.   
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To fabricated molecular junctions, a widely used strategy is to 
chemically graft organic monolayers on solid substrates by taking advantage 
of the self-assembly process on surface. Thiol-terminated molecules 
chemisorbed on noble metal surfaces and silane-terminated molecules 
chemisorbed on oxide surfaces are the two major routes to form SAMs. With 
the interface chemistry on hand, the next step is to fabricate the complete 
junctions with suitable techniques. To fulfil the potential of molecular 
electronics, it is indispensable to develop reliable platforms for molecular 
tunnel junctions. To date, there have been various techniques to fabricate 
molecular tunnel junctions. Figure 1.2 shows the different techniques to 
fabricate SAM-based molecular tunnel junctions. They can be categorised as 
junctions with protection layer and junctions without protection layer. Figure 
1.2a-f show junctions with the top electrodes contact molecules directly 
without protection layer. These techniques often suffer from the low yield of 
working junctions. Figure 1.2g-l show the junctions with protection layer 
between the top electrodes and molecules. Various materials have been used 
as the protection layer, such as a molecule layer, conductive polymer 
PEDOT:PSS (poly(3,4-ethylenedioxythiophene) polystyrene sulfonate), 
gallium oxide layer, graphene and reduced graphene oxide. Figure 1.2 
indicates that for SAM-based junctions, a lot of research focus on developing 
reliable top electrodes to form electrical contacts with SAM, because top 
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contact imposes one of the major challenges to perform charge transport 
studies for molecular tunnel junctions.  
 
Figure 1.2. Different SAM-based junctions platforms. (A) SAMs embedded in 
micro-scale hole with metal electrodes directly evaporated on top.
28
 (B) 
Junction with conductive AFM tip as the top electrode. (C) Junction formed 
with metal indirectly evaporated on SAMs.
29
 (D) Junction fabricated with 
nanoskiving.
30
 (E) Junction formed by the wedging transfer technique.
31
 (F) 
Junction with Bare Hg drop top contact.
32
 (G) Junction with SAM protected 
Hg drop top electrode.
33
 (H) Junction with reduce graphene oxide (rGO) 
protected top electrode.
34
 (I) junction with graphene protected top electrode.
35
 
(J) Junction with cone-shaped GaOx/EGaIn top electrode.
36
 (K) Junction with 
microfluidic GaOx/EGaIn top electrode.
37
 (L) Junction with conductive 
polymer protected top electrode.
38
 Reprinted with permission: (A) from ref. 28, 
2007, IOP Publishing; (C) from ref. 29, 2010, Nature Publishing Group; (D) 
from ref. 30, 2012, American Chemical Society; (E) from ref. 31, 2012, 
WILEY-VCH Verlag GmbH & Co. KGaA; (F) from ref. 32, 2012, The Royal 
Society of Chemistry; (G) from ref. 33, 2002, Elsevier Science B.V; (H) from 
ref. 34, 2012, WILEY-VCH Verlag GmbH & Co. KGaA; (I) from ref. 35, 
2011, WILEY-VCH Verlag GmbH & Co. KGaA; (J) from ref. 36, 2014, 
American Chemical Society; (K) from ref. 37, 2014, WILEY-VCH Verlag 




1.2 Charge transport mechanism  
The charge tunneling through rectangular barriers imposed by a thin 
insulating film sandwiched between two metal electrodes can be modelled by 
the Simmons equation.
39
 In a simplified form, the tunneling current density (J) 
pass through a barrier imposed by organic molecules is given by equation 
(1.1), where β is the tunneling decay constant (in Å-1 or ), d (in Å or nC) is 
the barrier width, V (in V) is the applied bias, and J0 (in A/cm
2
) is the 
hypothetical current density that flows across the junctions when d is zero. 
The Simmons equation is usually further simplified to equation (1.2), the 
general tunneling equation, to obtain the values of β and J0 from a plot of the 
measured value of J against d.  
J = J0/d V e
-βd
            (1.1) 
J = J0 e
-βd             (1.2) 
To experimentally determine the mechanism of charge transport through 
certain molecular junctions, length dependent and temperature dependent J(V) 
measurements are the most often used methods. Frisbie et al. observed the 
charge transport mechanism switch from tunneling to hopping at the molecular 
length of 4-5 nm in thiophene-containing π-conjugated molecular wires.40 Dell 
et al. proved that in single-molecule junctions of oxidized oligothiophenes the 
molecular length dictates to the nature of charge carriers, which change from 









 Length dependent J(V) measurements derive the values of β and J0, 
which can be used as indicators of junction quality and charge transport 
mechanism. For junctions with aliphatic SAMs, the empirical consensus value 
of β = 0.9-1.1 seems to apply for a large number of test-beds and is 
associated with coherent through-bond tunneling.
42-45
   
Temperature dependent J(V) measurements give the direct evidence to 
determine the charge transport mechanism. While coherent tunneling 
dominated process is temperature independent, sequential tunneling results in 
electrical characteristics that varies with temperature.   
1.3 Molecular diode. 
To develop molecular devices with specific function has always been a 
major pursuit. Molecular diodes that can rectify current are among interesting 
molecular electronic devices that have been sought-after for decades. 
Although the first model for molecular diode was proposed more than forty 
years ago
1
 and continuous efforts have been devoted to this field, molecular 
diodes are still far less efficient than conventional solid state diodes. The 
development of practically useful molecular diode encounters two major 
challenges which are robustness and performance (in terms of rectification 
ratio (R)).  So far, there are three general strategies to achieve molecular 
rectification. The first type is molecule with asymmetrical contacts with 







modes (different covalent bond or one with covalent bond and another with 
noncovalent bond)
46,47
. The second type is junction with energetically 
accessible molecular orbital asymmetrically positioned. The third type is 
junction with asymmetrically placed donor or acceptor moiety. Table 1.1 
summarizes the details of monolayer based molecular diodes. We only include 
diodes with R > 5 because smaller rectification ratio may be caused by other 
asymmetries in the junction instead of molecules themselves.        
Table 1.1. Summary of the reported monolayers (SAMs and Langmuir-Blodgett (LB) 
monolayers) based molecular diodes with R > 5. The first two are LB monolayer based 
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85 78% 56 
aThe average value reported in the corresponding references. 
bThe ratio of rectifying junctions and the total junctions. 
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 denotes template-stripped 
sliver, “-”, “//” and “/” denote covalent interaction, noncovalent interaction 
and the interface between GaOx and EGaIn,
57-59
 respectively, Fc denotes 
ferrocene). The diode is useful in physical-organic studies because it show 
statistical rectification ratio of 1.0 × 10
2
 with high reproducibility. The 
performance of molecular diodes is a result of the balance of multiple factors 
and all relevant parameters must be optimized to achieve optimal device 
performance. Previous studies have revealed that the intermolecular van der 
Waals interaction (Figure 1.3a)
5
, purity of molecule precursor (Figure 1.3b)
60
, 
type of the anchor group (Figure 1.3b)
60
, surface roughness of bottom 
electrode (Figure 1.3c)
61
, molecule/electrode coupling (Figure 1.3d)
62
 and 
electronic structure (Figure 1.3e)
7
 all affect the diode performance. As implied 
from the molecular structure given in Figure 1.1, the effects of the connector 
groups on the diode performance are still not uncovered and they are often 
chosen for synthetic reason without considering their potential effects on the 
device functionalities. With carefully designed system, we identified the 
crucial role of the connector group on the performance of molecular diodes 





Figure 1.3. The performance of molecular diodes built with SAMs of 
ferrocenylalkanethiolate on template-stripped silver. (a) The odd-even effect 
in the rectification ratio. (b) The effects of impurity and anchoring group on 
the diode performance. (c) The effect of the topography of the bottom 
electrode on the diode performance. (d) The effect of the molecule-electrode 
coupling on the diode performance. (e) The effect of the electronic structure 
on the diode performance. Reprinted with permission (a) from ref. 5, 2012, 
Nature Publishing Group; (b) from ref. 59, 2014, American Chemical Society; 
(c) from ref. 60, 2014, American Chemical Society; (d) from ref. 61, 2015, 
Nature Publishing Group; (e) from ref. 7, 2015, American Chemical Society. 
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1.4 Bottom electrode materials in molecular junctions.  
A proper choice of electrode material represents one of the most 
important steps to fabricate reliable molecular tunnel junctions. Generally 
speaking, electrode material used in molecular electronics should possess the 
following four features:
2
 (1) good electric conductivity. Since the molecules 
are normally of low conductivity, the high conductivity of electrode ensures 
that the total electric characteristics of the molecular electronic devices arise 
from molecular effects; (2) good stability. The electrode should be stable 
against external chemical/physical perturbation in terms of both composition 
and configuration in order to fabricate long-lived devices; (3) abundant 
availability. The electrode should be easily accessible via either bottom-up or 
top-down methods; (4) easy processing techniques. Material processing should 
be compatible with modern micro/nanofabrication techniques. So far, the 
majority of research is devoted to developing reliable top electrodes for 
molecular junctions in this aspect. The bottom electrode is still largely limited 
to noble metals, although there were some efforts to explore alternatives. 
Below we introduce molecular junctions with different bottom electrodes.    
1.4.1 Metal electrodes 
To date, most molecular electronic platforms rely on noble metals as 
the bottom electrode, with thiol-terminated molecules binding to metal 
through covalent bond. Gold has been the most widely used electrode to 
fabricate various molecular tunnel junctions because of its advantages in terms 
of stability, conductivity and processability. Studies on the effects of bottom 
metal electrodes compared Ag, Pd, Au and Pt,
63
 and found that the tunnel 
12 
 
barrier that dictate the charge transport directly was affected by the bottom 
electrode (Figure 1.4) by using transition voltage spectroscopy. Figure 1.4 
shows that the transition voltage decreases as the work function increases for 
hole transport through thiol terminated molecules, and the reverse is true for 
electron transport through isocyanide-terminated molecules. Another 
characteristic that may affect by the bottom electrode is the contact resistance 
in molecular junctions. Using CP-AFM measurements, Frisbie et al. found that 
the contact resistance decreases with the increase of the work function of the 
bottom electrode (Figure 1.5).
64
      
 
Figure 1.4. Transition voltage as a function of the work function of bottom 





Figure 1.5. The contact resistance of metal/molecule/metal junctions as a 
function of metal work functions. Reprinted with permission from ref. 63, 
2002, American Chemical Society. 
 
Although significant advances have been made with metal based 
molecular junctions, a general problem with metal electrodes is the instability. 
The metal atoms have high mobility and under bias, Au and even Pt atoms 
move and tend to form filaments which short the circuit and thus make the 
high yield of working junction a challenge. Moreover, the metal-thiolate bond 
at the metal-molecule interface is not stable and prone to oxidation, which 
severely limits device long-term stability. Such limitations of metal electrodes 
lead to a lot of efforts to explore alternative electrode materials.  
1.4.2 Carbon electrode.  
Carbon electrodes are highly stable under ambient conditions and have 
high electrical conductivity, both characteristics make them promising for 
molecular electronics. So far, carbon materials of different forms have been 
used to fabricate molecular tunnel junctions. McCreery et al developed 
molecular junctions by using pyrolyzed photoresist film (PPF) as bottom 
14 
 
electrode. They formed SAMs on PPF with covalent C-C bond and deposit top 
carbon electrode with electron beam deposition to fabricate the 
carbon/molecules/carbon junctions, which show high stability under various 
conditions.
65
 Figure 1.6 shows the schematics of the carbon/molecules/carbon 
junctions and the J(V) curves of junctions with three different molecules. They 
found that in vacuum the junctions sustain temperature up to 300 ºC for 30 
min and in air the junctions show cycling stability for at least 1.2 × 10
9
 cycles 
at 100 ºC. The high stability of the carbon/molecule/carbon junctions is 
ascribed to the carbon electrodes that suppress atom penetration or migration 
into the molecule layer.    
 
Figure 1.6. (a) The schematics of the carbon/molecule/carbon junctions and (b) 
the J(V) curves of junctions with different molecules. Reprinted with 
permission from ref. 64, 2011, American Chemical Society. 
 
Another type of carbon electrode used in molecular tunnel junctions is 
graphite. Figure 1.7 shows the schematics of the single-molecule junction 
fabricated on graphite and the corresponding electrical characteristics. Kim et 
al observed current rectification in single-molecule junction with noncovalent 
graphite-molecule interaction and they ascribed the small rectification ratio to 
15 
 
the highly energy-dependent density of states of the graphite electrode, as 
contrast to the almost constant density of electronic states of a metal electrode 




Figure 1.7. (a) Schematic of the Au/molecule/graphite junction and the 
molecular structure. (b) Conductance profiles determined from 2D 
conductance-displacement histograms for the junctions measured under 
forward and reverse bias, the inset show the rectification ratio as a function of 
the displacement. Reprinted with permission from ref. 65, 2014, National 
Academy of Sciences, U.S.A. 
 
Carbon nanomaterials have also been used as electrodes to fabricate 
molecular tunnel junctions. Single-walled carbon nanotubes (SWNTs) are 
interesting candidate as electrode for molecular electronics because of their 
one-dimensional structure that matches the size of single molecule. Figure 1.8 
shows the schematics of SWNT/molecule/SWNT junctions. The strategy to 
fabricate such junction is to first open nanogaps in SWNTs and then bridge the 
gap with organic molecules. Guo et al. used e-beam lithography and oxygen 
plasma ion etching to fabricate nanogaps in SWNTs
67
 and the gaps terminate 
with carboxylic acid groups due to the strong oxidation during the etching. 
Molecules with amine anchoring groups at both ends can be immobilized 
16 
 
within the gap through the covalent amind bonds and form a single molecule 
junction of the form SWNT/molecule/SWNT.              
 
Figure 1.8. Schematic illustration of etching SWNTs and the final SWNTs 
gap terminated with carboxylic acid groups. Reprinted with permission from 
ref. 66, 2006, American Association for the Advancement of Science.  
 
As a two-dimensional form carbon nanomaterial, graphene has also 
drawn increasing interest in molecular electronics. Graphene has been used in 
molecular tunnel junction as either a protection layer or the electrode material. 
One way to use graphene in molecular tunnel junction is to improve electrical 
performance by taking advantage of its stability and high conductivity. Figure 
1.9 shows some examples of using chemical vapor deposition (CVD) 
graphene, reduced graphene oxide (rGO) and multilayer graphene as the 
protective layer to enhance the electrical performance of molecular junctions. 
Wen et al.
68
 fabricated molecular junctions with multi-layer graphene coated 
AFM tips as the top electrode, and observed decreased tip-to-tip variance, 
good operational stability and endurance in the junction conductance 
measurements. By inserting CVD graphene
69





between SAMs and top electrodes, researchers demonstrated improved 
reproducibility and reliability of molecular tunneling junction.      
 
Figure 1.9. Graphene used as protective layer in molecular junctions. 
Schematics of molecular tunnel junction with (a) CVD monolayer graphene, 
(b) reduced graphene oxide and (c) CVD multilayer graphene inserted 
between SAMs and top electrode as the protection layer. Repented with 
permission from (a) ref. 68, 2011, WILEY-VCH Verlag GmbH & Co. KGaA; 
(b) ref. 69, 2012, WILEY-VCH Verlag GmbH & Co. KGaA; (c) ref. 67, 2012, 
WILEY-VCH Verlag GmbH & Co. KGaA. 
 
On the other hand, it would be also interesting to directly use graphene 
as the pivotal element, i.e. electrode, for molecular tunnel junctions 
considering its advantages. However, the attempt to use graphene as the 
electrode for molecular electronics is still rare. Initially, people were inspired 
by the studies with CNTs and developed methods to fabricated graphene 
nanogaps for graphene/molecule/graphene planar junctions (Figure 1.8c). 
Prins et al. fabricated graphene nanogaps (1-2 nm) with electroburning and 
deposited molecules between the gaps by utilizing π-π interactions. The 
resultant graphene/molecule/graphene junctions show electrical characteristics 
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that can be controlled with back gate voltage
71
. Using a similar strategy, Guo 
et al. also developed single molecule junction by inserting molecules into 
graphene nanogap, which was fabricated using the “Dah-line Lithography” 
method
72
. In addition to the single molecule junctions on graphene, SAM 
based junctions have also been fabricated on graphene. Seo et al.
73
 fabricated 
graphene/SAMs/graphene junctions with chemical bonding to the bottom 
graphene. SAMs of aryl diazonium molecules were immobilized on graphene 
via the dediazoniation process where C-C bonds were formed between sp
2
 
carbon and the molecules. They reported remarkable stability against external 
strain and photo-switchable response of the junctions (Figure 1.10c-d). 
However, there are several concerns with the platform. First, the covalent 
bond between bottom graphene and molecule would largely damage the 
intrinsic sp
2
 structure of graphene and result in defects which would in turn 
adversely affects the performance of the device. Second, the bottom electrode 
was transferred CVD graphene, on which polymer residuals would damage the 
packing quality of the monolayers, as clean surface is highly demanded if 
graphene is used to grow SAMs and form tunnel junctions just like other 
bottom electrode materials. To fully take advantage of the mechanic and 
electronic properties of graphene, it is important to fabricate molecular 
junctions on graphene without damage the intrinsic structure of graphene, i.e. 
to maintain the sp
2
 hybridized honeycomb structure. In this aspect, we used 
noncovalent interaction form high-quality SAMs on graphene and proved the 
outstanding stability of the overall molecular junctions under ambient 
conditions (Chapter 3). It has been one of the key challenges for the 
community to develop alternative bottom electrodes that not only circumvent 
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the limitation of existing materials, but also provide a route to study electrode-
molecule couplings in molecular electronics. Here we gained several insights 
into the charge transport in molecular junctions by studying the noncovalent 
platforms.  
 
Figure 1.10. (a) Schematic illustration of fabricating single-molecule 
junctions with graphene point contacts. (b) Schematic of a transparent and 
flexible molecular monolayer junction between the two graphene electrodes. 
(c) Current density-voltage plots on a log scale for each aryl alkane monolayer, 
inset: optical image of devices in an array; current density plots were 
generated from average values obtained from over 50 devices. (d) Plots of the 
current density on a log scale at different voltages versus the molecular length 
in the aryl alkane monolayers. Reprinted with permission from (a) ref. 71, 
2013, WILEY-VCH Verlag GmbH & Co (b)-(d) ref. 72, 2013, Nature 
Publishing Group.  
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1.4.3 Other electrodes 
Apart from metal and carbon electrode, silicon, oxide and conductive 
polymers have also been used as electrode to fabricate molecular tunnel 
junctions. Much effort have been devoted to develop molecular electronics on 
semiconductors like Si and GaAs, inspired by the great success they have 
achieved in conventional solid state electronics. Covalent grafting of 
molecules on various type of Si, semiconducting GaAs was achieved with the 
C-Si
74
 bond and aryl-semiconductor bond, respectively.
75
 Oxide surfaces are 
another type of bottom electrode for molecular tunnel junctions because of 
their capability to support stable SAM formed with silane-terminated 
molecules. Vilan et al. formed SAMs of alkyl–phosphonate chains on Al–
AlOx substrates and fabricated Al–AlOx/alkyl–phosphonate/Hg junctions for 
length dependent electrical measurements.
76
 In general, the strong covalent 
bond at the molecule-electrode interface on one hand leads to stable 
monolayers on surface but on the other hand makes the monolayer more 
defective because a lack of self-repairing ability compared with alkylthiolate 
SAMs on Au.  
1.5 Supramolecular vs electronic structure 
The supramolecular structure dictates to the packing structure and 
quality of the monolayers and it closely relates to the charge transport 
characteristics. For SAM based junctions, supramolecular structure is an 
outcome of the balance among intermolecular interaction, molecule-electrode 
interaction and the size mismatch between the head groups and the backbone. 
First of all, it is a common strategy to introduce bulky functional groups 
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(donor, acceptor or donor-acceptor pairs) at the molecule end to generate 
functionalities in molecular junctions. Such bulky end groups directly give rise 
to electronic function and simultaneously introduce additional steric repulsions 
that would deteriorate the SAM packing structure, which in turn affect the 
charge transport characteristics. We discuss below how intermolecular 
interaction and molecule-electrode coupling affect the charge transport in 
molecular tunnel junctions.  
1.5.1 Intermolecular interaction: odd-even effects  
Intermolecular interaction is the key to form well-ordered and high-
quality SAMs on surfaces. Each component in the molecule contribute to the 
total intermolecular interaction, which then determine if the formed SAM is 
crystalline-like or liquid-like. The effects of intermolecular interaction on 
charge transport are difficult to clarify because it is challenging to maintain all 
other factors fixed while changing intermolecular interaction. A good platform 
to study the subtle effect of intermolecular interaction is the so-called odd-
even effect,
77
 where the junctions with odd-numbered carbon and even-
numbered carbon in the linker group have different electrical characteristics. 
Odd-even effect of a wide range of properties has been observed in various 




 and liquid crystals.
91,92
 In 
molecular electronics, odd-even effect is manifested in the charge tunneling 





. Nijhuis et al. found that the odd-even effect in the 
contact resistance in junctions of Ag
TS
-SCn//GaOx/EGaIn is too small to 
account for the observed odd-even effects in the tunneling rates
94
 and 
proposed that the intrinsic SAM packing structure (an odd-even effect in the 
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twist angles) causes odd-even effects.
94,95
 Figure 1.11 shows the odd-even 
effect in the orientation of the end group, which was believed to be important 
to generate the odd-even effect in charge tunnelling rate.   
So far, odd-even effect in charge transport has been only observed in 
junctions with strong molecule-electrode interaction (covalent bond). However, 
whether odd-even effects originate molecular properties or interface properties, 
or in another word, whether strong molecule-electrode interaction is needed to 
generate odd-even effect, still remain elusive. Due to a lack of proper platform 
suitable for charge transport measurements, previous studies were not able to 
address to this issue. By using noncovalent SAMs on graphene and performing 
charge transport studies with EGaIn techniques, we proved that odd-even 
effects in charge tunnelling rates are caused by molecules themselves and 
strong molecule-electrode interaction is not required (see Chapter 4).    
 
Figure 1.11. Illustration of the odd-even effect on the orientation of the 
terminal methyl group and CH3-CH2- moiety in SAMs of n-alkanethiolate on 
Au (111). Reprinted with permission from ref. 76, 2007, American Chemical 
Society.  
 
1.5.2 Molecule-electrode interaction 
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In addition to the intermolecular interaction, molecule-electrode 
interaction is another important parameter that determines the supramolecular 
structure and thus dictates to the charge transport characteristics of molecular 
junctions. For instance, monolayers immobilized with strong covalent 
interaction suffer from the limited self-repairing ability and the packing 
quality is adversely affected. On the other hand, weak molecule-electrode 
interactions allow sufficient self-repairing of molecules on surface and lead to 
better packing quality.  
Apart from affecting the packing structure, the molecule-electrode 
interaction also has direct impact on the mechanism of charge transport across 
molecular junctions. The molecule-electrode interaction dependents on both 
the intramolecular coupling and the coupling between molecule end and the 
electrodes. In general, compared with saturated carbon chain, conjugated 
backbone gives rise to stronger intramolecular coupling and thus stronger 
molecule-electrode interaction. For the direct coupling between electrode and 
molecule ends, van der Waals interaction associated with physisorption leads 
to weak coupling and covalent bonding associated with chemisorption leads to 
strong coupling.       
The molecule-electrode coupling strength directly related with the 
mechanism of charge transport across the junction.
96
 Figure 1.12 shows the 
schematics of junctions at different coupling regime and the corresponding 
charge transport mechanism. In the weak coupling regime, the electrode 
wavefunctions has little effect on the molecular orbital, which thus remain 
localized on the molecule. The localized molecule orbital participate in the 
charge transport when there is proper energy level alignment, which can be 
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achieved by electrostatic gating and suitable bias voltage. In stark contrast, the 
molecular orbitals become broadened and delocalized in the strong coupling 
regime, where the wavefunctions of molecules and electrodes significantly 
overlap. Charge transport in this regime occurs through direct coherent 
tunnelling. In the intermediate coupling regime, the molecule orbital become 
partially broadened and there is certain interactions between transported 
charges the electrons on the molecules.       
 
Figure 1.12. Schematic illustration of the energy level alignment and charge 
transport in molecular tunnel junctions with molecule-electrode coupling 
strengths in the (a) weak (b) intermediate and (c) strong coupling regime. 
Reprinted with permission from ref. 95, 2013, Royal Society of Chemistry.  
    
To develop alternative material to act as electrode, the electrode-
molecule interface is an important issue to consider and engineering the 
molecule-electrode interface is an interesting route to achieve electrical 
functionalities. The coupling strength at molecule-electrode interfaces play a 
crucial role in the charge transport through the total tunnel junctions and thus 
should be carefully considered in the design. The benefit of noncovalent 
molecule-electrode interaction is extensively discussed in this thesis. By using 
graphene as the bottom electrode and employing noncovalent molecule-
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electrode interaction, we fabricated highly stable molecular junction with high 
packing quality (Chapter 3), maintained open-shell characteristics of stable 
organic radical on surface without additional alkyl chain (Chapter 5), and 
achieved a molecular diode with positive rectification (Chapter 7). 
1.5.3 Electronic structure 
The energetic alignments at the molecule-electrode interface are of 
crucial importance to the charge transport in molecular tunnel junctions. The 
electronic structure at the interface is affected by multiple factors, such as 
energy offset between the Fermi level of the electrode and the frontier 
molecular orbitals in the SAM, interface dipoles, charge renormalization.  
Supramolecular structure and electronic structure always depends on 
each other and it is difficult to separate their effects. However, to derive a 
comprehensive understanding and control of charge transport, it is highly 
desired to separate the two effects. We designed different junctions to clearly 
identify the effects of supramolecular structure and electronic structure on the 
charge transport separately. Chapter 4 describes junctions with the similar 
electronic structure and studies how the supramolecular structure leads to the 
odd-even effect in charge transport rates. Chapter 5 describes molecular 
junctions with constant supramolecular structure and shows a two orders of 
magnitude change in charge tunnelling rates due to difference in the electronic 
structure. Chapter 6 describes a series of junction with changes in both 
supramolecular and electronic structure, while the effects of supramolecular 




1.6 Objective and research scope  
Understanding and control of charge transport behavior are central to 
the development of molecular electronics and we gained important insights in 
this aspect by investigating electrode material, molecule-electrode interaction, 
supramolecular and electronic structure of molecular tunnel junctions. In this 
thesis, we studied the charge transport through molecular tunnel junctions on 
graphene with the EGaIn technique. The junctions fabricated on graphene not 
only generate new functionalities, but also as a new platform help understand 
the charge transport in molecular tunnel junctions.  
Chapter 2 gives a brief introduction to the major equipment and 
techniques involved in this thesis. Chapter 3 describes the non-covalent tunnel 
junctions based on SAMs of alkylamine on graphene. We proved that the 
SAMs on graphene is a highly stable platform for molecular tunnel junctions 
without comprising the SAM packing quality. Chapter 4 further studies a 
subtle effect (odd-even effect) in the charge transport across the SAMs of 
alkylamine on graphene. We observed the similar odd-even effect in charge 
transport as previous covalent tunnel junctions despite there is a lack of strong 
molecule/electrode interactions in our system. We conclude that the odd-even 
effect arises from the intrinsic properties of SAMs and thus we believe this 
subtle effect should always be considered as an integral part of the rational 
design of molecular electronic devices. Chapter 5 further explores the benefit 
of the noncovalent molecule-electrode interactions and maintains the open-
shell characteristics of stable organic radical on graphene through π-π 
interactions. The radical molecule and its protonated analogue form SAMs on 
graphene with the same supramolecular structure and thus comparison 
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between them provide a feasible route to study the effect of electronic 
structure on charge transport without interference from supramolecular 
structure. In Chapter 6 and 7, we move our focus to rectifying molecular 
tunnel junction, i.e. molecular diode and studied how the supramolecular 
structure and molecule-electrode interaction affects the diode performance. 
Chapter 6 describes molecular diodes on Ag substrates and finds that the diode 
performance is affected by the tilt angle of active group, which dedicates to 
the supramolecular structure of SAM. The diodes described in Chapter 6 are 
limited to the metal thiolate chemistry, which is a strong coupling and not 
suitable to well-performing molecular diode. In this aspect, we developed 
molecular diodes with graphene as the bottom electrode in Chapter 7. Fc-
terminated molecules were assembled on graphene through π-π interactions 
between graphene and Fc units. Fc-terminated SAMs on graphene is a general 
platform for molecular diode without being limited to metal-thiol covalent 
chemistry. Chapter 8 gives general conclusion and suggests further research 
relate to this thesis.  
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Equipment and techniques 
Abstract. This chapter describes the major equipment and techniques 
involved in our studies. The first part includes the EGaIn-technique and 
impedance spectroscopy used for electrical measurements and the second part 
is the spectroscopy techniques used for SAM characterizations. 
 
2.1 Electrical measurements  
2.1.1 EGaIn-technique 
The term “EGaIn-technique” refers to methods that use an eutectic 
alloy of gallium and indium (75.5% Ga and 24.5% In by weight) with an oxide 
surface layer of about 0.7 nm,
1
 to form a soft and microscale contacts with 
SAMs.
2,3
 The oxide surface is highly conductive and doesn’t dominate the 
charge transport through molecular tunnel junctions.
4,5
 The alloy was 
purchased from Sigma-Aldrich with 99.99% metal basis and denoted as 
GaOx/EGaIn. It is a moldable non-Newtonian liquid with a melting point of 
15.7 ºC.
6
 The soft character of this material ensures the formation of good 
electrical contacts with the SAMs without causing damage. There are two 
types of GaOx/EGaIn electrodes used for the electrical measurements. One is 
the cone-shaped electrode and the other is the microfluidic electrode. 
Figure 2.1 shows the photograph of the setup with cone-shaped 
GaOx/EGaIn electrode. The whole set-up is place on a floating air table (9101 
Series Vibraplane Workstation) to minimize vibrations. The bulk EGaIn alloy 
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is filled in the microsyringe, the motion of which is controlled by the 
micromanipulator in three dimensions. A white light source is used to 
illuminate the sample and the CCD (charge-coupled device) camera is used to 
image the sample from one side. The sample is contacted with the EGaIn from 
the microsyringe and another probe, between which a DC bias is applied. 
 
Figure 2.1. The photograph of the EGaIn setup with the major components 
indicated. 
 
After setting up the platform, the next step is to prepare the cone-
shaped electrode. Figure 2.2 shows the step-by-step preparation of a cone-
shaped GaOx/EGaIn electrode. A drop of GaOx/EGaIn is extruded from a 
10mL syringe (Fig. 2.2a) and brought into contact with the substrate (Fig. 
2.2b). By slowly retracting the syringe (Fig. 2.2c), a cone shaped GaOx/EGaIn 
tip adhere to the needle (Fig. 2.2d) which is then used to form contacts to the 
SAMs (Fig. 2.2e). All the movements of the syringe on which the tip is 




Figure 2.2 (a)-(e) Optical micrographs of several steps in the fabrication of 
cone-shaped GaOx/EGaIn top electrodes. 
 
Figure 2.3 shows the schematics of step-by-step fabrication of 
GaOx/EGaIn top electrode confined in PDMS (polydimethylsiloxane) micro 
channel.
7
 To prepare the PDMS confined microfluidic GaOx/EGaIn top 
electrode, we first fabricated a mold using a two-step photolithography 
process that consists of a pillar (height: 60 µm, diameter: ~45 µm) to which a 
line (1.0 cm × 10 µm × 10 µm) is connected. The mixture of PDMS and 
curing agent (Sylgard 184, Dow corning corporation; weight ratio of 10:1) was 
spin coated on the mold (20 m thick) and cured at 80 °C for 30 minutes. Then 
another layer of 5 m uncured PSDMS was spin coated and used as glue to 
adhere a piece of PDMS with channel 1 (with inlet and outlet; obtained in a 
separate step); this thin layer of  PDMS was also cured at 80 °C for 30 minutes. 
More uncured PDMS with curing agent was added to back fill the voids and 
cured at 80 °C for 1 h to stabilize the device. In this way, we obtained a PDMS 
device with two channels and a microscale through-hole at the intersection of 
the two channels. After separating the PDMS device from the mold, we 
punched a hole at the end of channel 2, injected GaOx/EGaIn into channel 1 by 
applying vacuum at the outlet, and then applied vacuum at the hole to fill the 
through-hole with GaOx/EGaIn. The PDMS confined microfluidic 
35 
 
GaOx/EGaIn top electrode can be used to form electrical contacts simply by 
placing the device on substrate with SAMs.  
 
Figure 2.3. Fabrication of the top-electrode. (a) The mold consists of a line 
and a pillar on a Si/SiO2 wafer with a layer of FOTS (FOTS is not indicated 
for clarity). (b) A layer of PDMS (20 µm) was spin-coated on the mold to 
fully cover the photoresist line, but not the pillar, and cured. (c) A thin layer of 
PDMS (5 µm) was spin-coated on the first layer of PDMS and channel 1 in 
PDMS was aligned over the pillar perpendicularly with respect to the line of 
the mold. The thin layer of PDMS was cured. (d) More uncured PDMS was 
added to stabilize the thin layer of PDMS and cured. (e) The microfluidic 
device was peeled off from the mold and a hole was punched at the end of the 
small channel. (f) We placed the microfluidic device on an indium tin oxide 
(ITO) substrate and injected GaOx/EGaIn into the PDMS channel. (g) The 
through-hole was filled with GaOx/EGaIn by applying vacuum to channel 2. (h) 
Separation of the microfluidic device from the ITO yielded a complete top-
electrode. Reprinted with permission from ref. 7, 2014, WILEY-VCH Verlag 




Figure 2.4a shows a photograph of a PDMS confined microfluidic 
GaOx/EGaIn top electrode. Figure 2.4b shows the contact area of diameter ~ 
50 m. While cone-shaped top electrode is suitable for generating highly 
reproducible charge transport data in good yield and easy way, PDMS 
confined microfluidic electrode has the advantages of fabricating very stable 
junctions that are necessary for impedance measurements and stability tests.  
 
Figure 2.4. (a) Photograph of the top electrode with the GaOx/EGaIn confined 
in microchannels in PDMS and (b) optical micrograph of the footprint of the 
GaOx/EGaIn in the through-hole in contact with ITO coated glass. 
 
2.1.2 Impedance spectroscopy  
We used impedance spectroscopy in the studies to separate the 
molecular effects and interface effects on the electrical characteristics of the 
SAM-based junctions. Impedance is a more general form of resistance by 




    𝑍 = |𝑍|𝑒𝑗∅                                                                         (2.1) 
where |𝑍|  is the modulus of the impedance and ∅  is the phase difference 
between the applied AC voltage and measured current. Complex impedance 
can be also expressed as
8
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 𝑍 = 𝑍′ + 𝑗𝑍′′                                                                         (2.2) 
where 𝑍′  and 𝑍′′ represent the real part and imaginary part of the complex 
impedance, respectively. Ideal resistors have a zero phase angle (i.e.,  = 0) 
and the value of Z is independent of the applied frequency. In contrast, a 
frequency dependent resistance, the so-called capacitive reactance Xc 
=1/ωCSAM where ω (in rad/s) is the frequency of the AC signal, is caused by a 
capacitor which has, in principle, a value of  = 90.8 For a network with a 
capacitor C1 resistor R1 connected in parallel, the complex impedance is given 
by
8






+ 𝑗𝜔𝐶1                                                                        (2.3) 
where the first term is the contribution of the resistor and the second term is 
the contribution of the capacitor and 𝜔 is frequency in rad/s. For a system that 
consists of parallel connected capacitor (C1) and resistor (R1), which series 
connect to second resistor (R2), the complex impedance is given by
8
    









2                                          (2.4) 
Thus, by subjecting a circuit to an AC signal with varying frequency while 
measuring the impedance one can determine the circuit elements that impede 
charge transport independently from each other.  
Kramers-Kronig (KK) transforms were used to assure the validity of 
impedance data as they give the relationship between imaginary and real part 
of the complex impedance.
9,10
 For a system that meets these requirements, the 
KK-test will give low values of χ2KK and the residual KK-plots are dominated 
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by noise and do not show obvious trends. The KK transforms are expressed as 
follows
9
   








𝑑𝑥                   (2.5a) 








𝑑𝑥                           (2.5b) 
where andx are the angular frequency in rad/s. By comparing the 
transformed real part and imaginary part of impedance using equation (2.5a) 
and (2.5b), one can test the validity of experimental data. The KK transform 
residuals are defined as
9 
 
                            𝐸𝑟𝑟𝑜𝑟 𝑍′ =
𝑍′−𝑍′(𝜔)
|𝑍′(𝜔)|
            (2.6a) 
                            𝐸𝑟𝑟𝑜𝑟 𝑍′′ =
𝑍′′−𝑍′′(𝜔)
|𝑍′′(𝜔)|
         (2.6b) 
where 𝐸𝑟𝑟𝑜𝑟 𝑍′ and 𝐸𝑟𝑟𝑜𝑟 𝑍′′ are the KK transform residuals of the real part 
and imaginary part of the complex impedance, respectively; 𝑍′(𝜔) and 𝑍′′(𝜔) 
are the real part and imaginary part of the complex impedance derived from 
equation (2.5a) and (2.5b), respectively; Z′ and Z′′ are the measured real part 
and imaginary part of the complex impedance, respectively. 
The measured impedance data were fitted to equation (2.4) using 
complex nonlinear least fitting
 
procedures to extract the value of each 
component. The fitting residuals are defined as
9
  
                     𝐸𝑟𝑟𝑜𝑟 𝑍′ =
𝑍′−𝑍′(𝜔)
|𝑍′(𝜔)|
                                                                      (2.7a) 
                    𝐸𝑟𝑟𝑜𝑟 𝑍′′ =
𝑍′′−𝑍′′(𝜔)
|𝑍′′(𝜔)|
                                                                    (2.7b) 
Where 𝐸𝑟𝑟𝑜𝑟 𝑍′  and 𝐸𝑟𝑟𝑜𝑟 𝑍′′  are the fitting residuals of the real part and 
imaginary part of the complex impedance, respectively; 𝑍′(𝜔) and 𝑍′′(𝜔) are 
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the real part and imaginary part of the complex impedance derived from 
equation (2.4), respectively; 𝑍′  and 𝑍′′  are the measured real part and 
imaginary part of the complex impedance, respectively. 
 
2.2 Characterization techniques 
Surface characterization techniques are powerful tools to understand 
the electronic and supramolecular structures of SAM due to the ultrathin 
structure of the SAM. In the studies described in the following chapters, three 
major techniques are used to characterize the different SAMs.  
2.2.1 X-ray photoelectron spectroscopy (XPS) 
XPS is a surface sensitive technique that can detect elemental 
composition, chemical state and electronic state of elements on surfaces with a 
depth of less than 10 nm. Figure 2.5 shows the working principle of XPS. A 
beam of X-ray in high vacuum incident on sample surface excites electron 
emission, the energy and count of which are recorded simultaneously and the 
XPS spectra is obtained. The kinetic energy (Ekinetic) of the emitted electron is 
given by equation   
𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 = ℎυ − 𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 − WF 
Where ℎυ is the incident photo energy, Ebinding is the binding energy of the 
electron and WF is the work function of the material. The values of Ebinding are 
characteristic of elements’ chemical environment and the peak area can be 





Figure 2.5. Schematic illustrations of the XPS setup and the corresponding 
electronic processes. Reprinted from Wikipedia.  
 
The thickness of SAM is usually only a few nanometers that are less 
than the sampling depth of XPS, which means that XPS is suitable for 
characterizing SAM thickness and orientation. For SAMs immobilized on 
surfaces, an even more powerful method is angle resolved XPS (ARXPS) that 
can give more information about the structure in vertical direction. By varying 
the angle between surface and electron analyzer, surface sensitivity changed 
and elemental depth profile can be obtained. Figure 2.6 shows the 
measurement schematics at two take-off angles
11
 (θ, the angle of axis of the 
analyzer with respect to the surface). The signal is more bulk-sensitive when θ 
is close to 90º and more surface-sensitive when θ is close to 0º, i.e. the axis of 




Figure 2.6. The schematic illustrations of the ARXPS measurements of an 
oxide coated metal sample and the corresponding spectra at two different take-
off angles. Reprinted with permission from ref. 11, 2015, Royal Society of 
Chemistry.  
 
2.2.2 Ultraviolet photoelectron spectroscopy (UPS) 
Based on the same photoelectric effect as XPS, UPS measures the 
kinetic energy of electrons emitted from surfaces that excited by ultraviolet 
photos. It is used to determine the energies of molecular orbital in the valence 
region. In contrast to the X-ray used in XPS to excite core electrons, UPS 
employ lower energy ultraviolet to excite valence electrons. The energy of 
emitted electron (Ek) is given by equation  
𝐸𝑘 = ℎυ − 𝐼 
Where ℎυ is the energy of incident ultraviolet photo and I is the ionization 
energy. The peaks in UPS are due to excitation of molecular orbital of 
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different energy. In molecular junctions, UPS is useful to determine the energy 
level alignment at the electrode-molecule interfaces, which is important to 
understand the charge transport in the junctions.  
2.2.3 Near edge X-ray absorption fine structure (NEXAFS) 
Synchrotron-based NEXAFS spectroscopy has been developed to be a 
powerful tool to reveal the electronic structure and orientation of organic 
molecules absorbed on surface. It probes the excitation of core electron into 
unoccupied states.
12
 The X-ray radiation for NEXAFS is a highly polarized 
(circularly or linearly) and tunable monochromatic source. Figure 2.7 shows 
the electronic transition after the sample is illuminated by such X-ray 
radiation.
13
 A photoelectron is generated due to the absorption and at the core 
level a hole (core hole) is generated simultaneously, which can be filled by an 
electron through either the radiative fluorescence process or the non-radiative 
Auger process. Both processes can be used to quantify the near edge X-ray 
absorption cross section. For molecules with low-Z elements, the yield of 
Auger electron is much higher than the yield of fluorescence and electron 
detection has higher surface sensitivity. 
 
Figure 2.7. Energy diagram of the photo absorption process and the 
subsequent Auger process or fluorescence process. Reprinted with permission 




NEXAFS measures the absorption cross section as a function of photo 
energy in the range from just blow the ionization threshold to about 50 eV 
above the threshold. The spectra features related to the electronic structure of 
the molecule. Figure 2.8 shows the origin of different features in a typical 
NEXAFS spectrum. In addition to a continuum of empty states and the 
Rydberg states, the most prominent features are the peak associated with the 
π* and σ* resonance, which arise from the transition from the core level to the 
π* and σ* orbitals, respectively.  
 
Figure 2.8 Schematic potential (bottom) and corresponding NEXAFS K-shell 
spectrum (top) of a diatomic molecular (sub)group. Reprinted with permission 
from ref. 13, 2006, Royal Society of Chemistry.  
 
Furthermore, angular dependence of the NEXAFS spectra is used to 
determine the molecular orientation. Spatial orientation of certain molecule 
orbital can be derived because the absorption dependent on the angle of the 
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electric field vector with respect to the bond axis. σ* resonance has the 
maximum intensity along the bond axis while π* resonance has the maximum 
intensity perpendicular to the bond axis.  
In the following studies, we collected NEXAFS spectra at SINS 
(Surface, Interface and Nanostructure Science) beamline of Singapore 
Synchrotron Light Source (SSLS).
14
 We use angle dependent π* resonance in 
NEXAFS C K edge spectra to determine the average tilt angle (α) of the 
ferrocene units in SAMs. The intensity of π* resonance arise from the double 




𝐴𝑃 [1 +  
1
2




                                                                                                         (2.4) 
where A is the normalization factor, P is the degree of linear polarization (0.9, 
in our case), θ is the incident angle of beam.  
 
2.3. References  
(1) Cademartiri, L.; Thuo, M. M.; Nijhuis, C. A.; Reus, W. F.; Tricard, S.; 
Barber, J. R.; Sodhi, R. N. S.; Brodersen, P.; Kim, C.; Chiechi, R. C.; 
Whitesides, G. M. J. Phys. Chem. C 2012, 116, 10848. 
(2) Reus, W. F.; Thuo, M. M.; Shapiro, N. D.; Nijhuis, C. A.; Whitesides, G. 
M. Acs Nano 2012, 6, 4806. 
(3) Simeone, F. C.; Yoon, H. J.; Thuo, M. M.; Barber, J. R.; Smith, B.; 
Whitesides, G. M. J. Am. Chem. Soc. 2013, 135, 18131. 
(4) Sangeeth, C. S. S.; Wan, A.; Nijhuis, C. A. J. Am. Chem. Soc. 2014, 136, 
11134. 
(5) Suchand Sangeeth, C. S.; Wan, A.; Nijhuis, C. A. Nanoscale 2015, 7, 
12061. 
(6) Chiechi, R. C.; Weiss, E. A.; Dickey, M. D.; Whitesides, G. M. Angew. 
Chem. Int. Ed. 2008, 47, 142. 




(8) Macdonald, J. R.; Johnson, W. B. In Impedance Spectroscopy; John Wiley 
& Sons, Inc.: 2005. 
(9) Boukamp, B. A. Solid State Ionics 1993, 62, 131. 
(10) Boukamp, B. A. J. Electrochem. Soc. 1995, 142, 1885. 
(11) Mazzotta, E.; Rella, S.; Turco, A.; Malitesta, C. RSC Adv. 2015, 5, 83164. 
(12) Stöhr, J. 1992, Springer Series in Surface Sciences. 
(13) Hahner, G. Chem. Soc. Rev. 2006, 35, 1244. 
(14) Yu, X.; Wilhelmi, O.; Moser, H. O.; Vidyaraj, S. V.; Gao, X.; Wee, A. T. 







Non-Covalent Self-Assembled Monolayers on 
Graphene as a Highly Stable Platform for Molecular 
Tunnel Junctions 
 
Abstract: Molecular electronics aims to engineer electronic function at the 
molecular scale, but the performance of molecular junctions is limited by a 
trade-off between stability and structure. Stable covalent monolayers are often 
defective in structure while non-covalent self-assembled monolayers (SAMs) 
have well-defined structures but mostly with limited stability. Here we 
describe a new type of molecular tunnel junction based on SAMs of 
alkylamines that are non-covalently immobilized on graphene. A combination 
of AC and DC techniques reveal that the SAM—electrode contact is ohmic-
like in nature within the measured bias range with a resistance at least 10
4
 
times smaller than the SAM resistance and that the mechanism of charge 
transport is coherent tunneling. The junctions are stable against voltage 
cycling for 1200 cycles, aging for 35 days, and retain currents for 100,000 s in 
ambient conditions. These findings demonstrate that SAMs of alkylamines on 
graphene are a promising platform for molecular electronics. 
 
3.1 Introduction  
Molecular electronic junctions based on self-assembled monolayers 
(SAMs) are often based on SAMs of organothiolates supported by noble metal 
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surfaces (usually Au or Ag) in contact with a top electrode.1-6 The 
organothiolate-metal chemistry yields high quality SAMs and is therefore 
useful to incorporate in junctions, but the metal-thiolate bond is unstable in 
ambient conditions and readily decomposes,
7
 and the number of stable thiols is 
limited (thiols decompose in ambient conditions to their disulfide analogues).
7
 
Monolayers that are immobilized on surfaces via covalent chemistry (such as 




 or pyrolyzed photoresist film
11,12
), and their 
corresponding junctions, are stable, but the formation process lacks the 
reversible character that is required in a self-assembly process that relies on 
self-repair and yields monolayers that are less densely packed and more 
defective than their metal-thiolate SAM analogues.
13,14
  
 Here we report a tunnel junction based on non-covalent SAMs of 
alkylamines (H2N(CH2)n-1CH3 or H2NCn with n = 8, 10, 12, 14, or 16) on 
monolayer graphene supported by Cu. To form electrical contacts to the SAMs 
in a non-invasive manner, we used the EGaIn technique. This technique relies 
on a moldable non-Newtonian liquid
5,15
 of GaOx/EGaIn , where GaOx is a 0.7 
nm thick native layer of a highly conductive oxide
16-18
 and EGaIn denotes the 
eutectic alloy of Ga and In. It can be molded into cone-shaped tips (with a tip 
radius of 20-30 μm) suspended from a syringe (mounted on a 
micromanipulator),
19,20
 or stabilized in microfluidic channels,
5,21
 which are 
brought in contact with the SAMs. The soft character of this material ensures 
the formation of good electrical contacts with the SAMs without causing 
damage. Once the contacts have been made, the top-electrode material 
behaves as if it were a solid because of its non-Newtonian nature to yield 
stable junctions. The cone-shaped top electrodes enable us to collect large 
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number data sets conveniently in an ordinary laboratory. The microfluidic top 
electrodes are more laborious to fabricate than the cone-shaped tips, but their 
good mechanical stability and well-defined geometrical contact area enables to 
conduct impedance, J(V,T), and stability measurements. Hence, in this study 
we used both methods to form junctions and we clearly state in the Figure 
legends which of the two methods was used to generate each dataset. 
The junctions are abbreviated as Cu//Graphene//H2NCn//GaOx/EGaIn, 
where “//” denotes a non-covalent contact and “/” the interface of the GaOx 
with the bulk liquid metal alloy.
22
 Figure 3.1 shows the schematic illustration 
of the tunnel junctions. We used graphene grown on Cu by chemical vapor 
deposition (CVD) because graphene is chemically stable up to 500 °C in air,
23
 
highly conductive, and wafer-scale CVD graphene is available.
24
 The H2NCn 
precursors form densely packed SAMs on graphene because the non-covalent 
amine-graphene interactions allow for self-repair at the molecular scale,
25,26
 
and as we show here, these SAMs do not suffer from the chemical instability 
inherent to organothiolate SAMs. Unlike previously reported methods to form 
graphene-monolayer based tunnel junctions using covalent chemistry,
27
 the 
van der Waals interaction of the amine moieties with graphene does not 
damage the chemical structure of graphene, i.e., it does not change the sp
2
 
hybridization of the carbon network and the reversible nature of the graphene-
amine interaction makes self-repair possible resulting in good tunneling 
barriers (i.e., a tunneling decay coefficient of 1.02 ± 0.08 ). Junctions with 
covalent monolayers on graphene do not form good tunneling barriers (i.e., the 
tunneling decay coefficient of ~0.67  is low)
27
 likely because of low 
packing densities and defects
6











assembly process as explained above (see also section Molecular length 
dependent charge transport). In addition, the graphene layer itself effectively 




Figure 3.1. Schematic illustrations of the Cu//Graphene//H2NCn//GaOx/EGaIn 
tunnel junction. Two different types of top electrodes are used as indicated in 
the main text. The left panel shows the junction with the cone-shaped top 
electrode. The right panel shows the microfluidic cell with the top electrode 
stabilized in polydimethylsiloxane (PDMS; not drawn to scale). 
 
We characterized the two-terminal devices with both AC and DC 
techniques from which we conclude that the electrical characteristics are 
dominated by the molecular properties of the junctions and the mechanism of 
charge transport across the junction is coherent tunneling. The junctions can 
be fabricated with good yields in non-shorting junctions of 93% and the 
contact resistance is negligible. We also found that the junctions are 
electrically stable against voltage cycling (N=1200 cycles), continuous biasing 
(retain currents for 100,000 s at -1.0 V), and aging in ambient conditions 
(room temperature; relative humidity: 60-65%) for more than 30 days. Our 
demonstrated device stabilities and electrical characteristics show that 
graphene is a promising bottom electrode material to fabricate SAM-based 
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tunnel junctions. We believe that this platform is useful for future physical-
organic studies of charge transport at the molecular scale.  
 
3.2 Results and discussion  
3.2.1 SAM characterizations  





 On this graphene we formed the SAMs of 
H2NCn following a method reported by Long et al
 25
 that we scaled up from 
exfoliated graphene flakes of a few tens of micrometers in diameter to large-
area (wafer-scale) CVD graphene. By using graphene on Cu immediately after 
the CVD process, we minimized contamination from the ambient and the 
graphene is free from impurities, such as residual polymers, associated with 
transferred graphene.
32
 The graphene on Si/SiO2 was first characterized with 
atomic force microscopy (AFM, Figure 3.2a and b), which shows continuous 
monolayer graphene with good quality (some residual polymer that was used 
in the transfer process is visible; this residual polymer is not present on the 
Cu//Graphene samples). The Cu//Graphene substrate shows large grains and 
smooth surface (with root mean square roughness of 0.87 nm; Fig. 3.2 c-f), 




Figure 3.2. (a) Atomic force microscopy (AFM) image of area 20 × 20 m2 of 
a graphene film on SiO2,  and (b) the height profiles of line traces indicated in 
(a). We observed a continuous and homogeneous graphene film with minor 
fringes, indicating high quality of the graphene film. The bright particles in (a) 
and the spikes in (b) indicate polymer residuals after transfer. (c) Large area 
optical microscopy image of the Cu//Graphene substrate, showing large Cu 
grains that are beneficial for fabrication of junctions. AFM image of the 
Cu//Graphene substrate with a size of (d) 10 × 10 m2 and (e) 1.0 × 1.0 m2, 
root mean square roughness of the Cu//Graphene substrate is 0.87 nm as 
determined from (e), (f) height profiles of the three line traces shown in (d).        
 
To characterize the graphene by Raman spectroscopy, we transferred 
the graphene to Si/SiO2 (with an oxide layer thickness of 300 nm) because of 





) associated with defects is weak, the intensity ratio between 2D and G 
band is 2.7 ± 0.3, and the full width at half maximum (FWHM) of the 2D peak 
is 31.6 ± 0.9 cm
-1
. These values agree well with previously reported values for 
monolayer CVD graphene with largely maintained sp
2
 hybridization and 
minimal defects.
33,34
 The SAMs cause three spectral changes in the Raman 
spectra (see Fig. 3.3a) that are consistent with charge transfer doping and the 
non-covalent nature of the amine-graphene interaction. The intensity of the D 
band does not increase as expected for non-covalent interactions, the position 
of the G band shifts to higher energy by 7.2±0.1 cm
-1
 (inset of Fig. 3.3a), 











Fourier transform infrared reflection absorption spectroscopy (FTIRAS) 
has been widely used to study the structure of SAMs on metal surfaces.
37-40
 
Briefly, only the vibrational transition dipole moment in the direction 
perpendicular to surface contributes to the IR absorption spectra and the 
structure of SAM can be determined by comparing observed peak frequencies 
with reference data.
37
 Figure 3.3b shows the IR absorption spectra of the 
H2NCn SAMs with n = 8, 10, 12, 14, and 16. The IR spectra show three 
distinct vibrational modes associated with alkyl chains at 2926 cm
-1
 (the 
asymmetric stretching mode of –CH3), 2923 cm
-1
 (asymmetric stretching 
mode of -CH2-), and 2850 cm
-1
 (symmetric stretching mode of -CH2-). These 





 where the interaction strength between 
the SAM and substrate is well below a well-defined covalent bond. The 
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frequencies of the two stretching modes of -CH2- also indicate a largely all-
trans orientation of alkyl chains in the SAMs, indicative of a close-packed, 
ordered SAM.
41
 Together with the Raman spectra, FTIRAS proves the 
formation of ordered SAMs on graphene.  
 
Figure 3.3. Characterization of the H2NCn SAMs on graphene. (a) The Raman 
spectra of graphene transferred from Cu to SiO2 before and after growth of a 
H2NC10 SAM (the inset shows the G peak positions and I2D/IG ratios of ten 
randomly selected spots (spot size: 1 µm
2
) for each sample (note that some 
data points are overlapping). (b) The IR absorption spectra of H2NCn SAMs 
with n = 8, 10, 12, 14, and 16, formed on freshly prepared CVD graphene on 
Cu. (c)-(e) Top and (f)-(h) side views of the calculated SAM structures of 
H2NC8, H2NC12 and H2NC16 on graphene, respectively. The full simulation 
cells each contain 784 H2NCn molecules assembled on a 13  15 nm
2
 
graphene sheet, as described in Methods. (i) The SAM formation energies and 
surface coverages as a function of n. Errors on these data points are 0.6-1.1 
kcal/mol and 0.04-0.06 molecules/nm
-2
, respectively, estimated as standard 
deviations summed over molecule-, time- and n-averaged structures. (j) The 
SAM heights derived from MD calculations (errors bars represent the same 
standard deviation as panel i) and AFM measurements (error bars represent 
the standard deviation of the height distributions) as a function of n. 
 
          To understand the structures of the SAMs supported by graphene in 
more detail, we used molecular dynamics to quantify the atomic-scale 
structure, dynamics and energetics of the SAM-graphene interface and the 
SAM packing structure. Figure 3.3c-h shows the computed SAM structures on 
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graphene for n = 8, 12, and 16. The amine group in the molecule anchors on 
graphene due to physisorption and the alkylamine molecules self-assemble 
into upright monolayers. As suggested in previous calculations, the binding 
interaction between graphene and alkylamine molecules is dominated by non-
covalent van der Waals forces.
25,26
 Molecular dynamics also improve the 
quantitative understanding about SAM packing energies and density which we 
relate to the stability of the junctions and the film heights of the SAMs which 
help to establish the mechanism of charge transport and the capacitance of the 
SAMs (see below). Figure 3.3i shows that the alkylamines form SAMs on 
graphene with a surface coverage of about 5.7 molecules per nm
2
, indicating 
densely packed SAMs on graphene. Figure 3.3j shows that the SAM heights 
derived from MD range from 1.2 to 2.4 nm as n increases from 8 to 16 which 
are within experimental error of the values measured by AFM (see Fig. 3.4 for 
the AFM images and height profiles) which further validates the MD models. 
The AFM images also show that the alkylamines form continuous films which 
are consistent with previous observations.
25
 The SAM formation energy 
(packing energy plus the SAM-substrate interaction) increases by about 2.1 
kcal/mol per additional CH2 unit. We found, both from experiment and theory, 
that no stable SAMs formed when n  6 (but we did not investigate SAMs on 
graphene for n > 16). These SAMs only form stable structures when the SAM 
packing energies exceeds 15 kcal/mol, which is similar to that found in non-
covalent biological systems such as bilayer lipids that form cell membranes.
42
 
For instance, alkylcarboxylic acids with chain lengths shorter than eight 






Figure 3.4.  (a) AFM images of multilayer graphene flakes on SiO2/Si. Note 
that the flakes were not chosen to have the same thickness. (b) AFM images of 
the same multilayer graphene flakes after growth of different SAMs with n=8, 
10, 12, 14, and 16. (c) Height distributions obtained (the percentage of pixels 
with height of z in the image vs. the height value in nm) of the same multilayer 
graphene flakes before (gray solid lines) and after (red solid lines) SAM 
growth. The height distributions are obtained using NanoScope Analysis 
software. The black dashed lines indicate the height of SiO2/Si substrates 
which are defined as 0 nm for comparison, the blue dashed lines indicate the 
height of multilayer graphene flakes, and the violet dashed lines indicate the 
height of multilayer graphene flakes with SAM. The distance between the blue 
and violet dash lines corresponds to the SAM height. All AFM images have a 
size of 5 × 5 m2.  
 
3.2.2 Molecular length dependent charge transport 
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To determine the charge transport characteristics across the junctions, 
we recorded statistically large numbers of J(V) curves (0+1.0 V-1.0 V0 
in  steps of 50 mV; in total we used 2539 traces in this study) with cone-
shaped GaOx/EGaIn top electrodes. For each type of SAM, we formed 20-26 
junctions on 2-3 different substrates and recorded 20 J(V) curves for each 
individual junction and 467-625 traces for each type of junction. Table 3.1 
summarizes the details of the charge transport measurements.  
Table 3.1. Summary of the measurements of the 














H2NC8 20 1 472 95 0.37 
H2NC10 21 2 497 90 0.26 
H2NC12 20 1 478 95 0.27 
H2NC14 26 2 625 92 0.44 
H2NC16 22 2 467 91 0.66 
total 109 8 2539 93[e] 0.40[e] 
No SAM 20 1 459 95 N.A. 
[a]
 a short is defined as a junction with currents exceeding 105 mA (the 
compliance value of our instrument) while recording 20 J(V) scans.  
[b]
 The total number of J(V) traces recorded for each SAM.  
[c]
 The non-shorting yield is defined as the number of shorts divided by the 
total number of junctions.  
[d]
 Standard deviation of all measured value of log10|J(-1.0V)|.  
[e]
 These numbers are average values determined from junctions with the five 
different SAMs. 
 
Figure 3.5 shows the histograms of the log10|J(±1.0)| for all junctions 
with Gaussian fits, which follow the normal distribution. Figure 3.6a shows 
the average J(V) traces (each data point is the Gaussian mean of the values of 
log10|J|, or <log10|J|>G, determined at a given applied voltage) of the junction 
as a function of n. We consider the J(V) curves to be practically symmetrical 
as the values of <log10|J|>G at positive biases are only slightly higher (by less 
than a factor of two) than those values of <log10|J|>G at the corresponding 
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negative bias; this small asymmetry in the J(V) curves is likely caused by the 




 and graphene 
(4.5 eV)
[36]
 and other asymmetries in the junction. 
 
 
Figure 3.5.  Average J(V) characteristics (measured with cone-shaped top 
electrodes) and the corresponding histograms of the current density at -1.0 V 
and -0.50 V for different junctions on graphene. Each data point in J(V) 
curves represents the Gaussian mean value of measured current density in N|J| 





Simmons derived a theory to model the tunneling current density 
though rectangular tunneling barriers. In the low bias regime, the simplified 
version of the Simmons equation can be written as equation (3.1), where β is 
the tunneling decay constant (in Å
-1
 or ), d (in Å or nC) is the barrier width, 
V (in V) is the applied bias, J (in A/cm
2
) is the current density that flows 
through the barrier, and J0 (in A/cm
2
) is the hypothetical current density that 
flows across the junctions when d is zero. It shows that the J(V) curves should 
be linear in the low bias regime. While in the high bias regime, this simplified 
equation does not hold as is apparent from the non-linear character of the  J(V) 
curves in this so-called high bias regime and the full form of the Simmons 
equation should be used (not shown). The J(V) curves are non-linear in the 
high bias regime and the inset of Fig. 3.6a shows the linear behavior in the 
low-bias regime (-0.10 to 0.10 V) for a junction with a SAM of H2NC10, as 
expected when tunneling is the dominant mechanism of charge transport. 
J = J0/d V e
-βd
   (3.1) 
J = J0 e
-βd    (3.2) 
The Simmons equation is usually further simplified to equation (3.2) (all 
symbols have the same meaning as in equation (3.1)), the general tunneling 
equation, to obtain the values of β and J0 from a plot of the measured value of 
J against d. We fitted equation (3.2) by minimizing the error of the least-
squares and the values of <log10|J|>G and assuming that the data are normally 
distributed (method 1), or by minimizing the sum of the absolute values of the 
error of all log10|J|  without making assumptions regarding the nature of 
distribution of the data
44
 (method 2). Figure 3.6b shows the value of 







a fit to equation (3.2) using method 1. The fit with method 2 is shown in 
Figure 3.7. Both methods yield indistinguishable values of β and J0 from 
which we concluded that the data are normally distributed. We use the results 
obtained by method 1 in the remainder of this Chapter and the error bars of the 
values of J, β, and J0, represent the 95% confidence intervals. In our analysis 
we used values of J determined at negative biases, but considering the 
symmetry of the J(V) curves, we note that the same analysis at positive bias 
would result in the same conclusions. To show the robustness of our analysis, 
Figure 3.8 plots the same relations as Fig. 3.6b but using J values determined 
at +0.5 V and +1.0 V. 
 
Figure 3.6. Charge transport through SAMs on graphene measured with cone-
shaped top electrodes. (a) Semi-log plots of the current density vs. applied bias 
of Cu//Graphene//H2NCn//GaOx/EGaIn with n = 8, 10, 12, 14 and 16. The 
inset shows the J(V) characteristics in the low bias regime for a junction with 
H2NC10 SAM. (b)  Semi-log plots of the value of |J| determined at -1.0 V and 
-0.5 V vs. d (obtained from AFM measurements) with the corresponding fit to 
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equation (3.2) and 95% confidence level bands. The error bars represent 
standard deviation of log10|J| of each junction.  
 
Figure 3.7.  Plots of all the measured current density values at -1.0 V 




Figure 3.8.  Semi-log plots of the value of |J| determined at +1.0 V and +0.5 
V vs. d (experimentally obtained from AFM measurements) with the 
corresponding fit to equation (3.2) and 95% confidence level bands. The error 
bars represent standard deviation of log10|J| of each junction. We determined a 
value of β = 0.80 ± 0.20 Å-1, or equivalently 0.99 ± 0.16  at V = +0.5V, β = 
0.80 ± 0.16 Å
-1
















. The value of log10|J0| 




, which is a factor of 3-5 lower than J0 values 
obtained for Ag
TS
-SCn//GaOx/EGaIn junctions (where Ag
TS
 = template-
stripped silver) at the same voltage,
5,45,46
 for reasons discussed below.  
We also measured the J(V) curves of junctions without SAM, i.e., 
Cu//Graphene//GaOx/EGaIn (see Fig. 3.9), and the current flow across this 
junction can be used to estimate the value of J0 as d is zero in this case. At -0.5 





falls in the 95% confidence level of the extrapolated value of J0 at -0.5 V 
based on equation (3.2). This observation validates the extrapolation of the 
data back to d = 0.
46 
 
Figure 3.9.  J(V) characteristics of junction without SAM between graphene 
and top electrode (measured with cone-shaped top electrodes), The error bars 
represent standard deviation of all measured values of log10|J|.  
 
The value of β is related to the height and shape of the tunneling 
barrier imposed by the SAMs and the nature of the SAM-electrode contact. 
For junctions with aliphatic SAMs, the empirical consensus value of β = 0.9-
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1.1 seems to apply for a large number of test-beds and is associated with 
coherent through-bond tunneling.
4,19,21,47
 We determined a value of β = 0.82 ± 
0.18 Å
-1
, or equivalently 1.02 ± 0.08 , and we show below that the J(V) 
curves are independent over a broad range of temperature of 100 – 340 K. 
These results indicate that the mechanism of charge transport across junctions 




The value of β is also an indicator of the quality of SAM-based 
junctions, along with the yields in working junctions, the values of σlog and the 
values of J0.
5
 Crucially, defects lower or increase the observed value of β. We 
showed that defects in metallic bottom electrodes can decrease the value of β 
to as low as 0.41  (because defects lower the effective thickness of the 
SAMs and therefore the assumption d = nc is not valid
6
). Values of β > 1.0  
are indicative of defective SAMs and Slowinski et al. proposed that in such 
junctions chain-to-chain tunneling is important.
49





 and the force the top electrode exerts 
on the SAM (in conductive probe experiments)
51
 can all alter the value of β. 
For similar reasons, the value of J0 is sensitive to defects, and we showed that 
defects on silver substrates increase (up to a factor of 10
3
) or lower (up to a 
factor of 10
2
) the measured value of J0 in n-alkanethiolate SAMs.
45
 The value 
of β obtained for the Cu//Graphene//H2NCn//GaOx/EGaIn junctions falls in the 
range of consensus values, the yields in working junctions are high (90-95%), 



















conclude that our junctions are of good quality and that their charge transport 
characteristics are dominated by the supramolecular structure of the SAMs.  
3.2.3 Impedance measurements  
We have showed that impedance spectroscopy gives complementary 
information to DC J(V) measurements regarding the electrical characteristics 
of alkanethiolate SAM-based junctions on silver.
16 
In our case, for the 
impedance measurements, we used PDMS confined microfluidic 
GaOx
cond
/EGaIn electrodes that were stabilized in a microfluidic through-hole 
in a transparent rubber of polydimethylsiloxane (PDMS). We measured the 
impedance spectra of the Cu//Graphene//H2NCn//GaOx/EGaIn junctions at 
zero bias using a sinusoidal signal with an amplitude of 30 mV in the 
frequency range of 1 Hz to 1 MHz by following previously reported 
procedures.
16
 Kramers-Kronig (KK) transforms were used to assure the 
validity of impedance data as they give the relationship between imaginary 
and real part of the complex impedance. The residual KK-plots are given in 




Figure 3.10. Kramers-Kronig residual plots of the 
Cu//Graphene//H2NCn//GaOx/EGaIn junctions with n=8 (a), 10 (b), 12 (c), 14 
(d), 16 (e)  
 
The residual plots of the fits to the equivalent circuit discussed in the text are 
given in Fig. 3.11. No obvious trends are visible within the noise levels in the 
KK residuals and fitting residuals from which we conclude that our data is 
KK-transformable and the equivalent circuit fits well to our experimental data. 
The values of χ2KK fall in the range of 1.0 – 1.7 × 10
-3
 (see Table 3.2 ), which 
we attribute to noise. The data fitted well to the equivalent circuit. The values 
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of χ2fit fall in the range of 1.2 – 2.0 × 10
-3
 (see Table 3.2) which are similar to 
the range of χ2KK values. 
 
Figure 3.11. Residual plots for the equivalent circuit model fitting to the 
Cu//Graphene//H2NCn//GaOx/EGaIn junctions with n=8 (a), 10 (b), 12 (c), 14 
(d), 16 (e)  
 
Table 3.2. The values of χ2 for the Kramers-Kronig transform (χ2KK) and 




H2NC8 0.0010 0.0014 
H2NC10 0.0013 0.0016 
H2NC12 0.0017 0.0020 
H2NC14 0.0011 0.0013 




Figure 3.12 shows the frequency dependent phase and the Nyquist 
plots of all the junctions. Figure 3.13a shows the frequency dependence of the 
modulus of the complex impedance |Z|. The data were fitted using the 
equivalent circuit shown in the inset of Fig. 3.13a. An ideal capacitor has a 
phase angle ϕ = 90º at high frequencies (Fig. 3.12a) and appears in a Nyquist 
plot (a plot of the imaginary part (Z”) against the real part (Z’) of the 
impedance) as a semi-circle (Fig. 3.12b and c). In our case, the contact 
resistance RC consists of the resistance of the SAM-top electrode contact (RC,t) 
and SAM-bottom electrode contact (RC,b), resistance of the GaOx layer, 
resistance of the GaOx//SAM non- covalent interface and resistance of the 
Graphene//SAM interface and Cu//Graphene interface. 
 The equivalent circuit can be understood using the Landauer 
formalism (see for details reference
52
). The total resistance of a molecular 
tunnel junction (Rjunction) is given by equation (3), where h is the Planck’s 
constant, e is the charge of an electron, T is the transmission probability, M is 
the number of conduction channels (which we believe is 1 for alkylamines 
considering their large HOMO-LUMO gap
53
), and RC and RSAM are the contact 
resistance and SAM resistance, respectively.
54
 We note that T  e-d showing 
the relation with equation (3.2). Equation (3.3) is valid for a junction with 
ideal point contacts (and Rc would be 1/G0 in an ideal case – G0 is the 
conductance quantum 2e
2
/h) and here it is only used to qualitatively discuss 
the impedance data. 








= 𝑅C + 𝑅SAM      (3.3) 
Equation (3.3) shows that the RC and RSAM have to be added to each other to 
obtain Rjunction, (at low frequencies when CSAM is not important, e.g., in DC 
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measurements) or in other words, RC and RSAM should be connected in series 
in the equivalent circuit. In AC experiments the CSAM term dominates the 
impedance at high frequencies and has to be included in the equivalent circuit 
parallel to the RSAM.
54,55
 This equivalent circuit agrees with the mechanism of 
charge transport across the junction which is coherent tunneling and the 
properties of the barrier are defined by the properties of the SAM and the 
SAM—electrode interfaces. Thus, the tunnel junction can be represented by 
the equivalent circuit shown in the inset of Fig. 3.13a and is the same as the 





Figure 3.12. (a) Frequency dependent phase of the junctions and the 
corresponding fits to the equivalent circuits. Nyquist plots of junctions with 





Figure 3.13. Impedance spectroscopy of the junctions on graphene measured 
with PDMS confined microfluidic top electrodes. (a) The frequency 
dependency of modulus of complex impedance of the junctions with SAMs of 
n = 8, 10, 12, 14, or 16 with the fits (solid lines) to the equivalent circuit 
shown in the inset. (b) The value of RSAM and RC as a function of n (the red 
solid line is a fit to equation (3.4) and the red dashed line is a guide to the eye), 
(c) the value of CSAM as a function of 1/d (the d was obtained by AFM) with a 
fit (red solid line) to equation (3.5).  
 
Figure 3.13b shows that RC is independent of n. Previously, we have 
shown that RC is dominated by the resistance of the SAM—electrode 
contacts.
16
 Here the values of RC range from 1.2 – 2.7  10
-2
 Ωcm2, which is 





 This increase in the interfacial resistance of our junctions is due to 
the presence of two van der Waals interfaces. The H2NCn SAMs form non-
covalent contacts with both the top and bottom electrodes and result in a 
higher contact resistance RC than alkanethiolate SAM based junctions that 
form metal-thiolate bonds with the bottom electrode that are more covalent in 
nature than the amine---graphene interaction. We note that the value of RC is 
about 4 orders of magnitude smaller than the RSAM for the shortest SAM (i.e., 
n = 8) and RC is independent of the applied bias from which we conclude that 
the SAM//electrode interfaces behave as ohmic-like contacts with a very low 
resistance (at least in the bias range of ±1.0 V). 
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Figure 3.13b also shows that the value of RSAM increases exponentially 
with n. RSAM is given by equation (3.4) where dSAM is the SAM thickness and β 
SAM is the decay coefficient.  
𝑅SAM = 𝑅SAM,0𝑒
𝛽𝑆𝐴𝑀𝑑𝑆𝐴𝑀
           
                                    (3.4) 
The red solid line is a fit to the equation (3.4) resulting in β=0.95 ± 0.03 , 
which is close to the value of β determined by DC methods as described above. 
Extrapolation of both RSAM and RC to n = 0 shows that RC and RSAM,0 are equal 
within one order of magnitude (and practically indistinguishable because of 
the long extrapolation), which further justifies the equivalent circuit.  
As shown in Figure 3.13c, CSAM is proportional to 1/d by following the 
parallel plate capacitance relation given by equation (3.5) and the solid line is 
a fit to equation (3.5), where 0 is the permittivity of vacuum, r is the relative 
permittivity, Ageo is the geometrical contact area of the junction (1.9 × 10
3
 m2 
in our case), and d (determined by AFM, see Fig. 3.3j) is the thickness of the 
SAM. This fit yields a value of r = 3.1 ± 0.3, which is consistent with 




𝐶SAM = 0r𝐴geo/𝑑    (3.5) 
To further probe the nature of the SAM—electrode interface, we 
performed potentiodynamic impedance spectroscopy on a junction with a 
SAM of H2NC10 using the method established from alkanethiolate SAM-based 
junctions on silver. Same as previous procedures, the data were validated with 
KK transformation (see Figure 3.14 for the KK residual plots) and fit to the 
equivalent circuit (see Figure 3.15 for the fit residual plots) (see Table 3.3 for 
the values of χ2KK and χ
2







phase and the corresponding fits. Figure 3.17a shows the bias dependent 
Nyquist plots. Figure 3.17b and c show the dependence of the three equivalent 
circuit components on the applied DC bias. The SAM resistance RSAM 
decreases exponentially with increasing DC bias as expected for a tunneling 
process.
57
 The contact resistance RC is independent of the applied DC bias 
suggesting all the non-covalent van der Waals interfaces (i.e., the 
Cu//graphene, graphene//H2NCn, and H2NCn//GaOx/EGaIn interfaces) are 
ohmic-like within the probed bias regime. In the case of non-ohmic contacts 
such as a Schottky contact, the contact resistance changes with applied voltage 
as the contact barrier varies with voltage applied.
58
 The SAM capacitance 
CSAM is independent of the applied DC bias, indicating that charge trapping 
effect is not significant in the junctions. In the presence of significant charge 
trapping capacitance is altered by applying the voltage as the charge carriers 
can get excited from the traps due to the additional bias voltage.
58
 Based on 
these findings, we conclude that the electrodes form low-resistance ohmic-like 
contacts to the SAMs and the mechanism of charge transport is determined by 




Figure 3.14.  Kramers-Kronig residual plots of the 
Cu//Graphene//H2NC10//GaOx/EGaIn junctions measured at DC biases of  (a) 




Figure 3.15. Residual plots for the equivalent circuit model fitting to the 
Cu//Graphene//H2NC10//GaOx/EGaIn junctions measured at DC biases of  (a) 
0.1V, (b) 0.2V , (c) 0.3V, (d) 0.4V, (e) 0.5V.  
 
Table 3.3. The values of χ2 for the Kramers-Kronig transform (χ2KK) and 
fitting to the equivalent circuit (χ2fit) for potentiodynamic impedance 
measurements of Cu//Graphene//H2NC10//GaOx/EGaIn junction. 
DC bias/V χ2KK χ
2
fit 
0.1 0.0017 0.0018 
0.2 0.0016 0.0018 
0.3 0.0014 0.0017 
0.4 0.0013 0.0015 






Figure 3.16. Frequency dependence of |Z| (d) and phase (e) of junctions with a 
SAM of NH2C10 as a function of the applied DC bias in the bias range of 0 to 
0.50 V in steps of 0.10 V. 
 
 
Figure 3.17. Bias dependent (a) Nyquist plots and fits to equivalent circuit of 
junction with SAM of H2NC10 at different DC in the bias range of ±0.50 V 
measured at intervals of 0.10 V and the corresponding (b) RSAM, RC and (c) 
CSAM as function of applied bias. 
 
3.2.4 Stability tests 
To evaluate the stability of the non-covalent alkylamine SAM 
junctions on graphene, we studied their electrical stability against continuous 
cycling of voltage (1200 cycles), retention characteristics (over 100,000 s), 
aging in ambient conditions (297 K and 60-65% relative humidity), and 
changes in temperature over the range of 100-340 K. All stability tests were 
carried out with PDMS confined microfluidic GaOx/EGaIn top electrodes. 
Figure 3.18a shows the J(V) curves taken over 1200 cycles (one cycle is 0 
V+1.0 V-1.0 V0 V) for three different junctions with n = 8, 12 and 16. 
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Data for all junctions show stable electrical characteristics. The J(V) curves of 
junction with n = 16 are more noisy than the others in the low bias regime 
because the corresponding currents are low and close to the detection limit of 
the Keithley 6430 source meter we used. Figure 3.18b shows the retention 
characteristics of the three junctions measured at -1.0V for 100,000 s by 
recording the current at intervals of 15 s. The values of log10|J| within the 
retention time for the three junctions were -1.8±0.5, -4.0±0.4 and -5.5±0.2 
A/cm
2
, respectively. The electrical characteristics of the junctions did not 
change significantly during the experiments, from which we conclude that 
they are electrically stable.  
Aging of molecular junctions in ambient conditions has been rarely 
investigated. McCreery et al. showed that junctions with covalently bound 
monolayers can be stable for 8 months.
59
 Akkerman et al. showed that 
junctions of the form Au-SCn//PEDOT:PSS did not change their electrical 
characteristics for 2.5 years
60
 despite the fact that the Au-S bond is only stable 
for up to 1-2 days
5





 also have very low values of β and only show 
molecular effects when n > 12 implying that the top-electrode intercalates with, 
or partially displaces, the SAMs. We showed that junctions of the form Ag
TS
-
SCn// GaOx/EGaIn are stable for 2-3 days after which the values of J decrease 
by a factor of 10 over a period of one week which we attributed to the 






Figure 3.18. Stability tests of the junctions measured with PDMS confined 
microfluidic top electrodes. (a) 1200 cycles J(V) curves for junctions with 
SAMs of H2NC8, H2NC12 and H2NC16. (b) Retention characteristics of 
junctions with SAMs of H2NC8, H2NC12 and H2NC16 at constant bias of -1.0 V 
(the current was sampled at intervals of 15 s). 
 
 
Figure 3.19. Stability tests of the junctions measured with PDMS confined 
microfluidic top electrodes. The J(V) characteristics of (a) a junction with a 
SAM of H2NC8 measured over a period of 9 days, (b) a junction with a SAM 
of H2NC10 measured for 31 days, and (c) a junctions with a SAM of H2NC14 
for a period of 35 days. (d) The J(V) characteristics of  junctions of H2NC12 
and H2NC16  monitored for a period of time of  29 or 35 days in ambient 
conditions (60-65% relative humidity at 298 K). 
 
Figure 3.19 shows the J(V) curves of 
Cu//Graphene//H2NCn//GaOx/EGaIn junctions measured over certain times. 
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The current density of the junction with n = 8 decreased by a factor of 10 
within 8 days, so we did not continue the aging process with this junction. The 
current density of junctions with n = 10 and 12 decrease by a factor about 10 
and 5 within 30 days, respectively, while for junctions with n = 14 and 16, the 
current density did not show significant decay within 35 days. The 
Cu//Graphene//H2NCn//GaOx/EGaIn junctions are stable for the following 
reasons. First, the Graphene//H2N(CH2)n-1CH3 contact is chemically stable in 
ambient conditions. Second, the layer of graphene effectively protects the Cu 
from oxidation because graphene is impermeable to O2.
29
 Third, the highly 
conductive native layer of GaOx is self-limiting and protects the bulk liquid 
metal from oxidation. In our experiments, we observed that the stability of the 
junctions improved with the increase of chain length, which can be ascribed to 
the length dependent SAM packing energy (Fig. 3.3i) and an increase of the 
melting point of the alkylamines.
62
 The junctions with SAMs of H2NC8 show 
quick decay because of the small packing energy (Fig. 2i) and low melting 
point of the H2NC8 molecules (-1°C).
62
 These SAMs may not remain against 
evaporation at room temperature over the investigated periods of time. In 
contrast, H2NCn with n ≥ 10 have higher melting points (>12 °C)
62
 and SAM 
packing energies greater than 20 kcal/mol, and are stable over extended 
periods of time (we did not investigate their stability beyond 35 days). We 
believe that the increase of SAM packing energy and melting points for longer 
molecules account for their increasing electrical stability under ambient 
conditions.  
Temperature dependent J(V) measurements were used to determine the 
mechanism of charge transport. We performed J(V,T) measurements over a 
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range of temperatures of 100-340 K. Figure 3.20 shows that the J(V) traces are 
independent of T from which we conclude that the mechanism of charge 
transport across the junctions is coherent tunneling.  
 
Figure 3.20. The J(V) characteristics of a junction with SAM of H2NC8 as a 
function of temperature ranging from 100 to 340 K at intervals of 10 K.  
 
3.3 Conclusions 
In summary, our results show that non-covalent H2NCn SAMs on 
graphene form a good barrier against tunneling in SAM-based junctions with 
GaOx/EGaIn top contacts and have electrical characteristics comparable to 
similar junctions based on organothiolate SAMs on gold and silver. The 
independence of the J(V) curves over a broad range of temperatures (100 – 
340 K), the value of β = 1.02±0.08 and the linearity of the J(V) curves in 
the low bias regime (±0.10 V) indicate that  the mechanism of charge transport 
is coherent through-bond tunneling. Impedance spectroscopy revealed that the 
SAM resistance increases exponentially with increasing chain length and 
dominates the charge transport properties of the junctions; the SAM-electrode 
interface behave as ohmic-like contacts with a very low resistance within the 
measured bias range of ±1.0 V and a factor of 10
4







of the thinnest SAM of H2NC8. The junctions are electrically stable and they 
did not change their electrical characteristics over a period of more than 30 
days in ambient conditions while organothiolate-metal bonds are only stable 
for 1-2 days.
5
 We believe that our method could also be useful to incorporate 
other types of 2D materials in molecular junctions, and in principle the 
alkylamines can be functionalized with redox-, light-, or magnetic-responsive 
groups interacting with the 2D material, paving the way to new types of 
molecular electronic junctions. 
 
3.4. Experimental details 
Electropolishing of Cu. Copper foil (99.8%, Alfa Aesar, No. 13382) was first 
electropolished by following previous methods
30,31
 to have a clean and smooth 
surface. Briefly, the copper foil was used as anode and another copper plate 
was used as the cathode. The electropolishing solution was a mixture of 500 
mL of deionized water (PURELAB, Option-Q, 18.2 MΩ cm), 250 mL of 
phosphoric acid (Sigma-Aldrich, 85 wt. % in water), 250 mL of ethanol, 50 
mL of isopropyl alcohol and 5 g of urea. A constant voltage of 8.0 V was 
applied by a DC power supply (TEXIO PD18-30AD) and the solution was 
stirred at a speed of 1000 rps. The electropolishing was performed for 2 min, 
after which the copper foil was rinsed with deionized water, isopropyl alcohol 
and dried with N2 flow. 
Growth and transfer of graphene. We used a previously reported procedure 
to obtain CVD graphene
[1]
. A piece of copper (99.8%, Alfa Aesar, No. 13382) 
was loaded in a quartz tube (semiconductor grade, UFO Labglass), which was 
first annealed in H2 with a flow rate of 20 standard cubic centimeter per 
minute (sccm) at 1000 °C for 20 minutes. After annealing, CH4 was 
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introduced into the quartz tube at a flow rate of 5 sccm for 30 minutes at 
1000 °C. Graphene on copper is obtained after cool down to room temperature. 
Graphene is then transferred onto Si/SiO2 (300 nm) substrate with PMMA as 
the supporting film and FeCl3 aqueous solution as the Cu etchant.   
Formation and characterization of the SAMs. Graphene grown on copper 
was used as the substrate to form SAMs of H2NCn. Typically, as a solvent we 
used 10 mL of a mixture of methanol (HPLC grade, VWR international) and 
tetrahydrofuran (THF) (HPLC grade, VWR international) with a volume ratio 
of 1:9 to dissolve the alkylamine (99%, Sigma-Aldrich) of interest with a 
concentration of 18 mM. The solutions were purged with N2 for 15 minutes 
prior to the immersion of freshly grown graphene on copper for 18 h. The 
substrates were rinsed with the mixed solvent (three times, ~3 mL each time) 
and dried under a steam of dry N2. All chemical were used as received without 
further purification. The SAMs on graphene were characterized with Fourier 
transform infrared reflection absorption spectroscopy (FTIRAS) on FT-
NIR/MIR Spectrometers (PerkinElmer, Frontier FT-IR) with Cu//graphene as 
the reference. Raman spectra of transferred graphene were collected with a 
WITEC alpha300 R Raman system equipped with a 532 nm laser.   
The SAM heights were measured with tapping mode AFM (FastScan, 
Bruker). We used exfoliated multilayer graphene flakes because an individual 
flake can be analyzed before and after SAM growth. For each SAM, we 
recorded an AFM image of 5 × 5 m2 before growing the SAM and an image 
of the same area (slight shift may be encountered) was recorded again after 
SAM growth. The height distributions of all images were determined with 
NanoScope Analysis by defining the height of the SiO2/Si substrates as 0 nm, 
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and height increase after SAM growth with respect to the graphene flake 
corresponds to the SAM height.   
Molecular dynamics simulations. The MD calculations were done by Dr. 
Damien Thompson. Calculations were performed by placing films of 784 
molecules (for each SAM of H2NCn with n=8,10,12,14, or 16) on a monolayer 
graphene substrate with surface area 13 nm x 15 nm, generating systems 




 atoms. Graphene carbons were constrained 
to their lattice positions throughout the simulations. Each film was relaxed 
using 20,000 steps of steepest descent minimization with respect to the 
CHARMM22 force field
63
 and then brought to room temperature by gradually 
raising the temperature from 0 to 295 K over 2 nanoseconds of dynamics 
while simultaneously loosening positional constraints on the SAM non-
hydrogen atoms. Each model was then subjected to 30 ns of free dynamics 
with no constraints on the SAM to allow formation and extensive sampling of 
a well-equilibrated, constant-density structure.  
Ewald summation was used to calculate the electrostatic interactions 
by embedding the models of H2NCn SAMs (with n = 8, 10, 12, 14, and 16) on 
13 x 15 nm
2
 graphene in large 18 nm  18 nm  6 nm vacuum boxes. A 2 fs 
timestep was used for dynamics by constraining covalent bonds to hydrogen 
via the ShakeH algorithm.
64
 The distance between pairs of non-bonded atoms 
for inclusion in the pair list was set to 13.5 Å with a 12 Å cutoff and a 
switching function used between 10 and 12 Å. Langevin dynamics was used 
for heavy atoms with a damping coefficient of 5 ps
-1
. The NAMD program
65
 
together with the CHARMM22 forcefield
63
 was used for molecular dynamics 
with a NVT (constant number of particles, constant volume and constant 
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temperature) ensemble. Image generation and Tcl script based trajectory 
analysis was performed using the VMD program.
66
  
Statistics were generated from the final 10 ns of 30 ns of dynamics for 
each SAM, and data was obtained by sampling every 40 ps to yield 250 
structures with which to compute average film properties. The range over n of 
the time- and molecule-averaged standard deviations in the averages reported 
in Fig. 3.3 of the main text are 0.6-1.1 kcal/mol in SAM formation energies 
(Fig. 3.3i), 0.04-0.06 molecules/nm
2
 in surface coverages (Fig. 3.3i), and 0.10-
0.14 nm in SAM heights (Fig. 3.3j). The computed molecular packing 
arrangements shown in main text Fig. 3.3c-h are zoom-ins on central regions 
of the final SAM structures formed after 30 ns of molecular dynamics.  
Preparation of EGaIn electrodes. The term “EGaIn-technique” refers to 
methods that use an eutectic alloy of gallium and indium (75.5% Ga and 24.5% 
In by weight) with an oxide surface layer of about 0.7 nm,
18
 to form a top 
electrode, which can form soft and microscale contacts with SAMs.
17
 The 
alloy was purchased from Sigma-Aldrich with 99.99% metal basis and 
denoted as GaOx/EGaIn. Chapter 2 gives the details for the fabrication of both 
the cone-shaped and PDMS confined microfluidic top electrodes. 
Fabrication of the junctions. We formed the junctions following two 
previously reported procedures. Cone-shaped GaOx/EGaIn top electrodes were 
formed to contact SAMs on graphene to construct junctions for charge 
transport measurements. The PDMS confined microfluidic GaOx/EGaIn top 
electrode can form junctions with SAMs simply by placing it gently on the 
surface. The geometrical area of the electrode was determined by optical 
microscopy and was in all of our experiment 1.9 × 10
3
 m2.  
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Charge transport measurements. We followed previously reported 
procedures
20
 to collect the charge transport data of junctions with different 
molecular lengths. In a typical measurement of one junction (i.e. one contact), 
we collected the J(V) data of one cycle (0 V +1.0 V  -1.0 V  0 V) scan, 
followed by 3 cycles and 20 cycles. For each molecule length, about 20 
junctions were constructed on two to three different substrates and each 
GaOx/EGaIn top electrode was used to measure about 10 junctions. The data 
were recorded with Keithley 6430 source meter and processed using a home-
made code written in LabView 2010. 
Statistical analysis of data of log |J|. We used two types of statistical analysis 
methods that were previously described for the tunnel junctions of n-
alkanethiolates sandwiched between GaOx/EGaIn top electrodes and metal 
bottom electrodes.
44
 Charge transport measurements of H2NCn SAMs on 
graphene yielded data J(V) that are log-normally distributed. Figure 3.5 shows 
the average J(V) characteristics with the error bars (representing the log-
standard deviations) and the histograms of log10 |J| at two different voltages (-
1.0, and -0.5 V, respectively) collected for SAMs of H2NC8 to H2NC16. The 
histograms were fitted to Gaussians and the data approximately follow the 
Gaussian curves. The mean values of log10 |J|, < log10 |J| >, and standard 
deviation σlog, at each voltage were extracted from a Gaussian fit to the 
histogram of log10 |J| for each measured applied bias. The precision of the data 
is evaluated by σlog because the value of log |J| is considered to follow normal 
distribution. The value of σlog at -1.0 and -0.50 V for all junctions fall in the 
range from 0.27 to 0.70. These values are comparable with the log-normal 
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deviation of current density of SAMs of alkanethiolate measured with 
GaOx
cond
/EGaIn cone-shape top electrode.
44
  
Impedance measurements. After making the contact, J(V) measurements 
were conducted from -0.5 to 0.5 V, using a Keithley 6430 source meter and 
we chose the junctions with electrical characteristics within one log-standard 
deviation of the mean values of J for the impedance measurements. The 
impedance spectra were collected using an Solartron impedance/gain-phase 
analyzer (model 1260A with 1296A dielectric interface) with a sinusoidal 
signal of amplitude of 30 mV at zero bias with the frequency ranging from 1 
Hz to 1 MHz. Typically, five spectra were collected with sMaRT (v3.2.1) 
software for each junction and the average data were used to fit with the 
equivalent circuit with EIS spectrum analyser software. Potentiodynamic 
impedance spectroscopy of junctions with SAM of H2NC10 were performed by 
applying the AC signal superimposed on a DC bias that ranges from -0.50 to 
+0.50 V in  steps of 0.10 V. The data collection and analysis were the same as 
for the zero bias impedance measurements.  
Stability tests. Stability of the junctions fabricated on graphene was tested 
with GaOx/EGaIn confined in PDMS microfluidic-device using Keithley 6430 
source meter and a home-made code in LabView 2011. Stability against 
voltage cycling was tested from -1.0 to +1.0 V for 1200 cycles with one cycle 
defined as 0  +1.0 V  -1.0 V  0 V. The retention characteristics were 
performed by applying constant bias of -1.0 V across the junctions while 
recording the current every 15 s for a period of time of 100,000 s. To follow 
the stability of the junctions against aging in ambient conditions (relative 
humidity of 60-65%, T = 298 K), we measured the J(V) characteristics of the 
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junctions immediately after fabrication (defined as t = day 0), and measured 
the J(V) curves as long as 35 days. The temperature dependent J(V) 
characteristics were carried out in a probe station (Lakeshore CRX-VF) at a 
pressure of 1×10
-3
 mbar at intervals of 10 K. 
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Odd-Even Effects in Charge Transport across 
Tunneling Junctions of Non-Covalent SAMs on 
Graphene  
 
Abstract: Odd-even effects in molecular tunnel junctions provide an 
important route to fulfil the potential of molecular electronics by tuning charge 
transport behaviour with subtle change in the molecule structure. Odd-even 
effects in charge tunnelling rates have been observed in self-assembled 
monolayers (SAMs) based tunnel junctions with strong molecule-electrode 
interactions. However, it was not clarified whether the odd-even effects 
originate from the intrinsic properties of SAM or the strong molecule-
electrode interactions. As a consequence, it remains elusive if the odd-even 
effects should be considered as an integral part of the design of all future 
SAM-based junctions. Herein, we fabricated tunnel junctions based on SAMs 
formed on graphene through weak noncovalent interactions. Molecular 
dynamics simulations revealed the odd-even effect in SAM packing energy 
and SAM-graphene binding energy. We found that odd-even effect of charge 
tunnelling rates exist as well for the Cu//Graphene//H2NCn//GaOx/EGaIn 
junctions. AC impedance spectroscopy reveals that the odd-even effect of 
charge transport rate is caused by the odd-even effect of SAM resistance and 
SAM capacitance, without observable contribution from interfaces. Our results 
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verify that odd-even effect of charge transport across SAM based tunnel 
junctions arising from intrinsic properties of monolayers.   
 
4.1 Introduction 
Odd-even effects in structure-property relations are widely observed in 
physical chemistry, surface science, and biology.
1-6
 Odd-even effects in 
material properties are caused by an odd or even number of a repeat unit of the 
molecule and manifest themselves in myriad ways at both macroscopic and 
microscopic scales including melting points, surface energies, electron transfer 
rates, and packing structures of, e.g., polymers,
7,8
 self-assembled monolayers 
(SAMs),
1-3,5,9-15
 and liquid crystals.
4,6
 In molecular electronics, odd-even 
effects in the tunneling rates have been observed in tunneling junctions based 
on SAMs with alkyl backbones where CH2 is the repeat unit.
2,9,16,17
 In these 
studies all components of the junctions (electrode material, nature of SAM-
electrode interfaces) were kept the same except for the number of the repeat 
unit n of the molecule and the odd-even effects are believed to be driven by 
strong molecule–electrode interactions. This belief is at odds with the large 
body of data showing odd-even effects too in systems that lack interfaces
1,18
 
and therefore we wish to address the following question: What drives odd-
even effects in SAM-based tunneling junctions and are odd-even effects 
ubiquitous in molecular electronics? In other words, should odd-even effects 
be considered as an integral part of the design of all future SAM-based 
junctions?  
So far, odd-even effects have been only observed in junctions with 
SAMs strongly interacting with the bottom electrode via metal–thiolate bonds 
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or monolayers of molecules bound via covalent bonds to Si which set the 
molecule–electrode bond angles and consequently dictate the orientation of 
the terminal group of the monolayer (Figure 1).
2,9,16,17,19-21
 Whitesides et al.
2,9
 
measured an odd-even effect in the tunneling rates across junctions of M-
SCn//GaOx/EGaIn where SCn is short for of S(CH2)n-1CH3, “//” indicates a van 
der Waals interface, “-” indicates a covalent (-1.7 eV, or 40 kcal/mol, bond 
energy)
22
 metal-molecule contact, and “/” indicates the interface of the EGaIn 
and M is the bottom electrode. Their study reported odd-even effects for 
junctions on Ag,
2
 but in a subsequent study using a differently shaped 
GaOx/EGaIn top electrode the authors found odd-even effects in junctions on 
Au but not on Ag.
9
 They argued that the fixed M-S-C and C-C-C bond angles 
cause the terminal CH3 group to either point towards or away from the top 
electrode causing an odd-even effect in the SAM//GaOx/EGaIn interaction and, 
consequently, in the observed tunneling rates. This odd-even effect is more 
pronounced for SAMs with large tilt angles (~30°) on Au than for SAMs with 
small tilts (~11°) on Ag. Toledano et al. 
16
 reported an odd-even effect in the 
tunneling rates in junctions of the form Si-CnPh//Pb (where Ph is a phenyl 
group) which was rationalised based on the metal-electrode contact angle. By 
contrast, we recently found that the odd-even effect in the contact resistance in 
junctions of Ag
TS
-SCn//GaOx/EGaIn is too small to account for the observed 
odd-even effects in the tunneling rates.
17
 We proposed that the intrinsic SAM 
packing structure (an odd-even effect in the twist angles) causes odd-even 
effects.
17,23
 A common thread in these studies is the assumption that a strong 
SAM–bottom electrode interaction is important to induce odd-even effects. 
However, this assumption has not been tested and the question remains as to 
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whether or not odd-even effects are unique to a subset of systems. This has the 
important consequence that we do not yet know if selection of odd vs. even 
length molecules should be an integral part of the rational design of molecular 
electronic devices.  
Odd-even effects in the melting points of fatty acids date back to 
1877.
24
 Solid molecular materials such as fatty acids and simple alkanes 
display odd-even effects in many of their bulk properties yet they do not 
possess strongly interacting molecule-substrate interfaces. Boese et al.
18
 
reported single crystal X-ray structures of n-propane to n-nonane and found 
the odd-even effects are the sole result of van der Waals interactions between 
neighboring CH3 groups. Figure 4.1b schematically shows how the two 
terminal CH2CH3 units of each molecule either point in the same or opposite 
directions with respect to the backbone of the molecule. In the solid state, 
alkanes pack in rows driven by the intramolecular interactions and the odd-
even effect in melting points is caused by the odd-even effect in van der Waals 
interactions between the terminal CH3 groups of neighbouring rows: for even-
numbered (neven) alkanes both CH3 units at opposite ends of the molecule can 
interact optimally with neighbouring molecules, but for odd-numbered (nodd) 
alkanes only end of the CH3 units can interact well because the other points 
directly to its neighbouring CH3 resulting in steric hindrance. Hence, nodd 
alkanes have lower melting points than neven alkanes.  
Here we report odd-even effects in SAM-based tunnel junctions which 
consist of only van der Waals interfaces. Long et al. 
25
showed that SAMs of 
alkylamines H2NCn readily form on graphene and these SAMs were very 
recently incorporated into EGaIn-junctions.
26





and molecular dynamics computer models show that the SAMs form ordered, 
well-packed monolayers
 
with weak ~220 meV/molecule (5 kcal/mol) van der 
Waals interactions between the amine anchoring groups and the graphene 
substrate.
25-27
 We formed H2NCn SAMs with n ranging from 8 to 16 on 





 These SAMs were contacted using cone-
shaped GaOx/EGaIn top electrodes
29-31
 and Figure 1a shows schematics of the 
tunnel junctions which have the form Cu//graphene//SAM//GaOx/EGaIn. The 
electrical properties of the junctions were investigated using J(V) (current 
density vs. applied voltage) electrical measurements and impedance 
spectroscopy to determine the contact resistance (RC, in Ω·cm
2
), and the SAM 
resistance (RSAM, in Ω·cm
2
) and SAM capacitance (CSAM, in µF/cm
2
) with 
resort to the equivalent circuit (Fig. 4.1c). We found an odd-even effect in the 
charge transport across Cu//graphene//SAM//GaOx/EGaIn junctions with J(V) 
measurements and corresponding odd-even effect in RSAM and CSAM with AC 
measurements (impedance spectroscopy). The pro-even effect in SAM-
graphene physisorption and pro-odd effect in SAM packing observed in 
molecular dynamics calculations both contribute to the measured odd-even 




Figure 4.1. (a) Schematic illustration of Cu//Graphene//H2NCn//GaOx/EGaIn 
tunnel junction, with Ү1 andҮ2 indicate the SAM physisorption energy and 
packing energy, respectively. (b) Schematic illustration of the orientation of 
the alkyl chain with neven and nodd, respectively. The dashed lines indicate the 
backbone of the molecule. Note that the intermolecular terminal methyl 
orientations in an odd-n alkane is equivalent to the orientations in an even-n 
alkylamine due to the presence of the -NH2 anchoring group. (c) The 
equivalent circuit of the tunnel junctions. 
 
4.2 Results and discussion 
4.2.1 Molecular dynamics (MD) simulations 
The MD simulations were done by Dr. Damien Thompson. The 
structures of neven H2NCn SAMs on graphene for n = 8, 10, 12, 14, and 16 have 
been reported elsewhere.
26
 We performed MD simulations to study the SAM-
graphene interface and the SAM packing structure in more detail for the full 
range of SAMs (neven and nodd) with n = 8-16. The H2NCn molecules assemble 
into upright SAMs on graphene driven by the van der Waals interactions 
between the alkyl chains of neighboring molecules and the amine groups with 
graphene.
25-27
 Figure 4.2 shows top views (Fig. 4.2a) and side-on views (Fig. 
4.2b) of selected computed SAM structures with n = 8, 9, 12, 13, and 16. The 
non-covalent nature of the interface between H2NCn SAMs and graphene was 
93 
 
confirmed using Raman spectroscopy.
25,26
 Figure 4.3 shows the Raman spectra 
graphene with H2NC10 and H2NC11 SAMs. The Raman data of graphene with 
both neven and nodd SAM showed an unchanged D band, blue shifted G band 
and decreased intensity ratio of 2D and G band, all characteristic of a 
delocalized -electron graphene electronic structure that is not perturbed by 
the presence of the SAM. The MD data in Figure 4.2 show high-density SAMs 
formed on graphene. The SAM thickness d (in nm) increases linearly (with no 
detectable odd-even effect) by 1.3 ± 0.1 Å and the SAM packing energy 
improves by 2.1 ± 0.5 kcal/mol per additional CH2 unit. SAMs surface 
coverage show an odd-even effect with neven SAMs generally showing higher 
surface coverage, except when n > 14, which may be due to the inherent 
lowering of order for the very long SAMs. 
We find small but numerous and persistent odd-even effects in the 
SAM structure (Fig. 4.2e). The pro-odd odd-even effect of 0.0-0.2 kcal/mol in 
SAM packing energy is almost cancelled by an opposite (and similarly sized) 
pro-even effect in NH2-graphene physisorption energy. These small values are 
in contrast to the 0.4-0.6 kcal/mol SAM packing odd-even effects computed 
for ferrocene-alkanethiolates on noble metals which give in turn a significant 
odd-even dependence on computed film packing energy, molecule flexibilities, 
and terminal group tilt angle, that was used to rationalize a large measured 
odd-even effect on the electrical performance of the junctions.
20,21
 The MD 
data in Fig. 4.2 suggest that the thermodynamic driving forces for SAM 
assembly are different in physisorbed alkylamine-on-graphene SAMs than in 
alkanethiolate-on-metal SAMs (that have a similar structure but a chemisorbed 
SAM-electrode contact). The natural pro-even benefit due to more upright 
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terminal methyl orientations manifests itself not (directly) in SAM packing 
energies but rather in the strength of the non-covalent amine-graphene contact. 
The effects are small but examination of the data in Fig. 4.2 indicates that neven 
molecules generally exhibit stronger amine-graphene contacts and higher 
surface coverages.  
       
Figure 4.2. (a) Top views and (b) side views of SAMs with different n on 
graphene. An approximately 4-5-molecule in radius central region of the SAM 
is shown for n=8, 9, 12, 13, and 16; the full simulation cells each contain 784 
H2NCn molecules assembled on a 13 × 15 nm
2
 graphene sheet, as described in 
Methods. (c) SAM height as a function of nC. (d) Surface coverage of SAMs 
as a function of nC, the inset show the odd-even difference (∆Г) of surface 
coverage. (e) Odd-even difference (ΔE) of SAM packing energy and SAM 
physisorption energy. The ∆Г (or ∆E) value at each chain length is the 
deviation of the value at n from the average of values at n+1 and n-1.  
 
The MD calculations (Fig. 4.2) show that nodd SAMs have higher SAM 
packing energies and more ordered alkyl chains than neven SAMs, which 
calculations indicate may be due to removal of methyl-methyl steric clashes, 
and may explain why odd-n SAMs show better charge-blocking ability 
(smaller J and larger RSAM) in the electrical measurements (below). However, 
neven SAMs have higher SAM-graphene physisorption energies than nodd 
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SAMs which may explain why neven SAMs show better charge transport 
properties (larger J, smaller RSAM values and larger relative permittivities, see 
below). The neven SAMs also show higher computed surface coverages; for 
physisorbed SAMs with a small anchoring group the increase in surface 
coverage for even-n SAMs gives a higher population of short methyl-methyl 
contacts, illustrating the subtle effects, and balance of those effects, in 
molecular, supramolecular and SAM-electrode structure that determine 
whether a given molecule will perform well in SAM tunnel junctions.  
The main conclusion from the MD data is that the non-covalent 
alkylamine–graphene contact does not dictate the SAM packing (in contrast to 
alkanethiolates chemisorbed to coinage metals) but instead allows the amine 
anchoring group to form a large population of inter-amine H-bonds akin to 
those formed in free-standing non-substrate supported monolayers.
27
 The 
mismatch between amine and methylene van der Waals contacts gives the 
alkyl groups only very small tilt angles similar to those of alkanethiolates on 
Ag, and triggers an odd-even effect in SAM packing energies (as reflected 
also in alkyl carbon flexibilities, SAM surface coverages and population of 
methyl-methyl steric clashes). This pro-odd effect in SAM packing is 
counterbalanced by a pro-even effect in SAM-graphene physisorption. We 
propose that the pro-even SAM-graphene interface stabilization may underlie 
the experimentally measured pro-even effect on the charge density (larger J 
values, see below). The effect of switching from a chemisorbed SAM to the 
physisorbed SAM removes the SAM order prerequisite for a measurable odd-
even effect in the contact between the methyl hydrogen atoms and the top 
electrode but introduces an odd-even effect in the SAM-bottom electrode 
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interface which would be precluded by the formation of stronger thiol-metal 
bonds in junctions made using alkanethiolates on coinage metals. 
                   
Figure 4.3.  Raman spectra of transferred graphene on SiO2/Si with H2NC10 
and H2NC11 SAM formed.  
 
4.2.2 Molecular length dependent charge transport 
We used graphene on copper as the bottom electrode for our SAM 
junctions. The graphene was freshly grown by chemical vapor deposition to 
eliminate transfer of the graphene (which would involve exposure of the 
graphene to difficult-to-remove polymers and Cu etchant) which in turn avoids 
contamination and ensures good quality SAMs. Figure 4.4 shows the AFM 
image and trace profiles of the Cu//graphene substrate, which show a root 




Figure 4.4. (a) Atomic force microscopy image (1.0 µm × 1.0 µm) and (b) the 
corresponding height profiles of the three line scans of graphene//copper 
substrate. The root mean square (rms) roughness determined from the AFM 
image is 0.70 nm.   
 
The SAMs were formed using a previously reported method
25 
and we 
formed the GaOx/EGaIn top contact using a cone-shaped tip of 
GaOx/EGaIn
29,30
 We recorded and analysed statistically large numbers of J(V) 
data to determine the log-average J(V) curves following previously reported 
methods.
32
 In total, we recorded 4375 J(V) traces (0→1.0 V→-1.0 V→0 in 
steps of 50 mV) for all junctions with an average yield of 92%. Table 4.1 
summarizes the electrical measurements performed on all junctions. For each 
applied voltage, we determined the Gaussian mean of the values of log10|J|, or 
<log10|J|>G, and the log-standard deviation (log) by fitting Gaussian functions 
to the histograms of log10|J|. Figure 4.5 shows the histogram of log10|J(±1.0)| 




Table 4.1. Summary of the measurements of the 
Cu//Graphene//H2NCn//GaOx/EGaIn junctions with cone-shaped top 
electrodes. 
SAM 
No. of  
junctions 
No. of  
shorts[a] 








H2NC8 20 1 472 95 0.37 
H2NC9 22 2 610 91 0.42 
H2NC10 21 2 497 90 0.26 
H2NC11 19 3 460 84 0.65 
H2NC12 20 1 478 95 0.27 
H2NC13 18 1 425 94 0.62 
H2NC14 26 2 625 92 0.44 
H2NC15 16 1 341 94 0.54 
H2NC16 22 2 467 91 0.66 
total 184 15 4375 92[e] 0.47[e] 
No SAM 20 1 459 95 N.A. 
[a]
 a short is defined as a junction with currents exceeding 105 mA (the 
compliance value of our instrument) while recording 20 J(V) scans.  
[b]
 The total number of J(V) traces recorded for each SAM.  
[c]
 The non-shorting yield is defined as the number of shorts divided by the 
total number of junctions.  
[d]
 Standard deviation of all measured value of log10|J(-1.0V)|.  
[e]




Figure 4.5. Histogram of log10|J(±1.0)| for 
Cu//Graphene//H2NCn//GaOx/EGaIn junctions (n = 8-16) with Gaussian fits 
(red lines).   
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Figure 4.6 shows the average J(V) traces (<log10|J|>G vs. V) of the 
junctions as a function of n from which a clear odd-even effect in the value of  
<log10|J|>G is visible: junctions with neven have higher values of <log10|J|>G 
than junctions with nodd. Charge tunneling through potential barriers imposed 






) is the tunneling decay constant, d is the thickness of SAMs (in 
units of number of carbons in the alkyl chain, nC), and J0 is the pre-exponential 
factor (A/cm
2).  The subscript “even” and “odd” refers to even and odd values 
of n. 
                        𝐽even = 𝐽0,even𝑒
−𝛽even𝑑                                       (4.1a) 
                         𝐽odd = 𝐽0,odd𝑒
−𝛽odd𝑑                                            (4.1b) 
To derive the values of β and J0 from J(V) data, we fitted all data to 
equation (4.1) by minimizing the absolute values of the error (least absolute 
deviation fitting, LAD). This method has the advantage that it does not rely on 
any assumption regarding the distribution of the data and uses all values of 
log10|J| resulting in more precise values of β and J0 than fits to the data in Fig. 
4.7 would give (see reference
32
 for details). Our analysis of J(-1.0) yields 









 for neven 









 for nodd. All error 
bars represent 95% confidence levels. Plots of J vs. nC with the value of J(+1.0) 
(Fig. 4.8) indicate that the analysis is robust with respect to choice of negative 
or positive biases. To examine the statistical significance of the odd-even 
difference in the values of J0 and β, we calculated the probability (p) of the 
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null hypothesis that log10|J0|odd = log10|J0| even and βodd = βeven,
32
 which is 1.0 × 
10
-4
 and 2.3 × 10
-3
, respectively. For both null hypotheses the computed p 
values are < 0.05 and we thus conclude that log10|J0|odd < log10|J0| even at 95% 
confidence level. The values of β are also slightly (but statistically significant) 
different in our datasets, and we note that similarly small but signifiant 





Figure 4.6. Plots of the Gaussian mean of the values of |J| (<log10|J|>G) vs. 
applied bias for junctions with (a) neven and (b) nodd alklyamine SAMs. Each 
curve consists of 81 data points of a complete trace (0→1.0 V→-1.0 V→0 in 
steps of 50 mV). (c) Plots of all value of <log10|J|> determined at -1.0 V vs. n 
with the LAD fits (solid lines) to equation 4.1 and the corresponding 95% 




Figure 4.7. Plots of <log10|J|>G determined at -1.0 V vs. n with fits (solid lines) 
to equation 4.1 and the corresponding 95% confidence level (dashed lines). 
 
 
Figure 4.8. Plots of all value of <log10|J|> determined at +1.0 V vs. n with 
LAD fits (solid lines) to equation 4.1 and the corresponding 95% confidence 
level (dashed lines). 
 
4.2.3 Impedance spectroscopy  
To probe the origin of the measured odd-even effect, we characterized 
the junctions by impedance spectroscopy (see Chapter 2 and 3 for background 
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information) following previously reported procedures.
33
 Here we used 
impedance spectroscopy to separate out “interface effects” (RC) and 
“molecular effects” (RSAM). Figure 4.9 shows the Nyquist plots of the all the 
junctions.      
 
Figure 4.9. Nyquist plots of Cu//Graphene//H2NCn//GaOx
cond
/EGaIn junctions  
The value of RSAM is given by equation (4.2), where RSAM,0 is the pre-
exponential factor.  
𝑅SAM,even = 𝑅SAM,even,0𝑒
𝛽𝑒𝑣𝑒𝑛 𝑑




           




Figure 4.10 shows all circuit components as a function of d. The values 
of RC are similar for all junctions (1.2 - 2.5× 10
-2
 Ω·cm2) but follow a weak 
odd-even effect indicating that the contribution of contact resistance to the 
observed odd-even effect in the J(V) data is negligible (Fig. 4.10a). By 
contrast, in EGaIn junctions with SCn SAMs on Ag, i.e., SAMs with 
chemisorbed contacts to the bottom electrodes and a physisorbed contact to 
the top electrode, we found a 2 times larger odd-even effect in RC (but RC is 
<< RSAM). Here, the H2NCn SAMs form physisorbed contacts to both 
electrodes and so we conclude that the SAM–electrode interaction needs to be 
sufficiently strong in order to observe odd-even effects in RC. Figure 4.10a 
shows RSAM as a function of nC together with numerical fits to eq. 3a and 3b. 










 (error bars 
represent 95% confidence level) which are consistent with the DC 
measurements described above. The values of RSAM show a clear odd-even 
effect and thus we conclude that RSAM is a major contributor to the odd-even 
effect observed in the J(V) measurements.  
CSAM is given by equation (4.3), where 0 is the permittivity of vacuum, r 
is the relative permittivity, and Ageo is the geometrical contact area. Figure 
4.10b shows the plot of CSAM as a function of 1/d. 
𝐶SAM,even = 0𝑟,even𝐴geo/𝑑         (4.3a) 
𝐶SAM,odd = 0𝑟,odd𝐴geo/𝑑            (4.3b) 
By fitting the data to equation  (4.3a) and (4.3b), we derived values of εr,even = 
3.08 ± 0.11 and εr,odd = 2.83 ± 0.22 for junctions with neven and nodd, 
respectively. The odd-even effect in CSAM is similar in magnitude to that of 
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SCn SAMs in junctions of the form Ag-SCn//GaOx/EGaIn
33
 and the relative 
permittivity values are consistent with previously reported values for junctions 
with organothiolate SAMs (2.7 – 3.4).17,33 Recently, Ratner et al36 theoretically 
show that the dielectric response of SAMs is affected by SAM surface 
coverage, with densely packed SAMs exhibit larger capacitance and dielectric 
constant. In our case, MD calculation shows that neven SAMs have higher 
surface coverage that nodd SAMs, which explain the odd-even effect that CSAM 
of neven SAMs is larger than  nodd SAMs. 
 
Figure 4.10. (a) Plots of RSAM and RC as a function of nc. The solid lines are 
fits to equation (4.2). The dashed lines are guides to the eye. The inset shows 
the odd-even difference of RC (ΔRC). (b) Plot of CSAM as a function of 1/d. The 
solid lines are fits to equation (4.3). The error bars represent the standard 




4.3 Conclusions  
The results described in this paper show that SAM-based tunneling 
junctions do not require strong SAM–electrode interactions to exhibit odd-
even effects in their charge transport rates. In other words, odd-even effects 
are an intrinsic property of the SAMs and do not require rigid electrode-
molecule bond angles which in turn cause an odd-even effect in the tilt angle 
of the terminal group. This feature explains why odd-even effects have been 
observed in tunneling junctions with Ag-SCn SAMs which have small tilt 
angles resulting in a marginal odd-even effect in the tilt angle of the terminal 
ethyl group. Fig. 1 shows that odd-even effects are an intrinsic property of the 
molecules and therefore opposite ends of the molecule will always form (at 
least slightly) different interactions with top and bottom electrodes.  
We observed odd-even effect in the tunneling rates measured by J(V) 
measurements and used impedance spectroscopy to determine the odd-even 
effect in the SAM resistance and capacitance, and the contact resistance. An 
important consequence of the physisorbed alkylamine SAMs on graphene is 
that the SAM-graphene binding energy is not fixed but depends on SAM 
packing energy: SAMs with high packing energies (nodd) also have small 
binding energies and both effects cause an decrease in the observed tunneling 
rates relative SAMs with low packing energies (neven). The difference in SAM 




Our results are also in line with two recently reported theoretical 
studies. Argo et al. 
23
 calculated that indeed a small change in the molecule-
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electrode interaction was the root cause in the odd-even effect of the electronic 
structure of the conductions channel. We calculate a mild pro-even effect in 
SAM-graphene physisorption (and SAM surface coverage) that may underlie 
the measured pro-even effect on J values. We believe the effect is too weak to 
dramatically change the electronic structure of the conduction channels but 
may improve the (non-covalent) anchoring of the SAM amines to the 
graphene bottom electrode. Dubi
37
 calculated that an odd-even effect in the 
lateral molecule-molecule interactions in the SAMs could be the cause of an 
odd-even effect in the tunneling rate. Our MD calculations show a mild pro-
odd effect in the SAM packing energy (and associated increase in molecule 
ordering and removal of methyl-methyl steric clashes) that may cause the 
measured improved charge-blocking ability of SAMs with an odd number of 
carbons (smaller J values, larger R and rvalues). 
We conclude that odd-even effects should be an integral part in the 
design of molecular electronics junctions involving molecules with aliphatic 
backbones. To generalize, by studying odd-even effects in this system we 
show the importance of the subtle balance of molecule-molecule and 
molecule-electrode interactions in the rational design of molecular junctions.   
 
4.4 Experimental details 
Growth and characterization of graphene, formation and characterizations of 
SAMs, molecular dynamics simulations, fabrication of the junctions, charge 
transport measurements, impedance measurements and Kramers-Kronig (KK) 
analysis were all done with the same procedures detailed in Chapter 3.  
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Z-tests were carried out to compare the value of log10|J0| and β for neven and 
nodd. The value of test statistic (Z) is given by equation 4.4(a), where CI is the 
confidence interval.  
                 o d d e v e n
o d d e v e n
| |
Z




                                                  4.4(a) 
CI is given by equation 4.4(b), where za/2 is 2.576 for 99% confidence level, σ 
and Neff are the standard deviation and effective sample size, respectively.  







                                               4.4(b) 
Neff is given by equation 4.4(c), where N is number of traces, ρ is the averaged, 
normalized autocorrelation of all pairs of values of log10|J| 
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Tune the Charge Transport Rates across Self-
Assembled Monolayer of Organic Radicals on 
Graphene with Electronic Structure  
 
Abstract: Stable organic radical represent an interesting platform to achieve 
molecular spintronics. A key challenge is to maintain the open-shell 
characteristics of the radical molecules after immobilizing them on surface, 
because a balance of the molecule-electrode interaction is needed. In other 
words, the interaction should strong enough to drive the molecule assembling 
process and simultaneously not too strong to hybridize the molecule orbital 
with electrode. Here we achieved this goal by assembling 
polychlorotriphenylmethyl (PTM) based radical on graphene through π-π 
interaction and observed the open-shell characteristics of the radical on 
graphene. On the other hand, we observed a large modulation of the charge 
tunneling rate into graphene between the radical and its protonated analogue, 
which has important implication for graphene surface engineering to achieve 
efficient charge injection into graphene.      
 
5.1 Introduction  
Stable organic radicals have drawn a lot of attention due to their 
potential as molecular magnetic materials, a property arising from the 
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unpaired electron. Compared with inorganic magnetic compounds with 
transition mental elements, weak spin orbital coupling and weak hyperfine 
interactions of these light elements enable longer spin coherent length in 
organic radical molecules
1,2
. Among the very limited stable radicals, 
polychlorotriphenylmethyl (PTM) radicals are promising building blocks to 
design multifunctional materials
3,4
. In addition to the magnetic properties due 
to the unpaired electron, PTM radicals also show electrochemical and optical 
activity
5
. More importantly, PTM radicals are highly stable and can be 
assembled onto different surface with proper anchoring groups. To fully take 
advantage of properties of stable organic radicals and integrate into functional 
devices, it is a crucial step to assemble such molecules on designated surfaces 
and maintain the radical characteristics on surfaces. PTM radicals have been 
successfully assembled on gold via thiol-gold covalent interactions to achieve 
tunable surface wettability
4
 and on ITO via silane based covalent interactions 
to achieve non-volatile memory.
3
   
Assemble PTM radical on metal via covalent bonding necessitate 
additional spacer to decouple the hybridization between substrate and PTM 
radical moiety to maintain the open-shell characteristics. It would be important 
to maintain the open-shell characteristics on surface without introducing 
additional spacer group between PTM moiety and substrate to decouple the 
hybridization. Noncovalent interaction provides a possible strategy to 
assemble ordered molecule structure on surface with relatively weak 
interactions that do not lead to strong coupling between molecule orbital and 
substrate. We achieved this goal by using the π-π interaction between 
graphene and pyrene to maintain the open-shell characteristics of PTM radical 
112 
 
on graphene. Here we formed SAMs of PTM based radical derive and its 
pronated analogue on monolayer graphene grown by chemical vapor 
deposition (CVD). Characterizations with UV-Vis absorption spectroscopy, 
cyclic voltammetry and photoemission spectroscopy indicate that the open-
shell characteristics of radical remains after assembled on graphene, which is 
of primary importance to explore further applications of the system. Normally, 
alkyl chain of certain length is introduced to decouple the hybridization 
between PTM moiety and substrate to maintain the open-shell characteristics 
of the radical. We employed noncovalent interaction to assemble PTM radical 
on graphene without using long spacing group and the PTM moiety can be 
very close to graphene substrate. We managed to still observe the open-shell 
characteristics of PTM radical on graphene, which prove that PTM radical on 
graphene is a robust system to achieve surface supported spin.  
On the other hand, to understand the effects of the open-shell 
characteristics on charge transport, it is necessary to conducted comparative 
measurements on the radical molecule and its pronated analogue, which can 
circumvent the effects of metal-molecule interfaces, molecule-molecule 
interactions and the molecule structures on charge transport. We carried out 
charge transport measurements with EGaIn technique and observed coherent 
tunneling charge transport across both the radical and pronated analogue. The 
tunneling rate across the radical is about two orders of magnitude higher than 
its pronated analogue. AC impedance spectroscopy revealed that the 
difference in tunneling rate is dominated by SAM resistance, instead of 
interface effects.  
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Graphene-metal (semiconductor) contact has been a key issue and a 
challenge to explore the applications of graphene electronics. SAMs have been 
frequently employed to provide a possible solution to modify carrier injection 
barrier between graphene and metal (semiconductor)
6-11
. In this aspect, the 
potential of this method is still limited by the energy level alignment at SAM-
graphene, SAM-metal (semiconductor) interfaces. Engineering energy level 
while maintain the supramolecular structures of SAMs would be important 
and a promising route to tune the carrier injection barrier without losing other 
interfacial requirements as the same time. Here we show that with the 
emergence of the SOMO/SUMO levels for the radical can effectively lower 
the carrier injection barrier into graphene and thus we observe a two orders of 
magnitude enhancement of charge transport rate through the radical SAM 
compared with the nonradical SAM. Our observation implies that tuning the 
open-shell and closed-shell characteristics of the molecules can be an effective 
method to engineering energy level alignment at graphene interfaces.  
 
5.2 Results and discussion 
5.2.1 Synthesis of the radical and non-radical  
  Synthesis of the pyrene substituted polychlorotryphenylmethyl 
(PTM) radical 2 was carried out following the synthetic approach shown 
in Scheme 5.1. First, the reaction of tryphenylmethane phosponate 
(PTM-CH2-P(O)OEt2)
12
 with 1-pyrenecarboxaldehyde under Horner–
Wadsworth–Emmons conditions was carried out leading the αH-PTM 
pyrene 1. Treatment of 1 with an excess of tetrabutyl-ammonium 
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hydroxide facilitates the removal of the acidic proton of the α position to 
generate the corresponding carbanions that were oxidized in situ using a 
concentrated solution of AgNO3 subsequently to yield the target radical 
2. 
 
Scheme 5.1. Synthesis of the radical and non-radical compounds.   
 
5.2.2 SAM characterizations  
With pyrenyl as the anchoring group, both molecules can from SAM 
on graphene through π–π interaction13 with the same supramolecular structures. 
In such way, we can study the effect of electronic structure on charge transport 
through SAMs without significant variation on supramolecular structures. This 
is important because it is generally difficult to disentangle the electronic and 
supramolecular effect in molecular junctions as they always dependent on 
each other. By immersing graphene into the solution of the PTM radical or 
αH-PTM (in HPLC toluene with a concentration of 1.0 × 104 M) at room 
temperature for 2h, we formed monolayers of the molecules on graphene.  
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Figure 5.1 shows the atomic force microscopy (AFM) images of the 
both molecules on CVD graphene, where continuous monolayer films with a 
thickness of ~1.2 nm are observed. The similar morphology and height of both 
SAMs indicate that the PTM radical and αH-PTM form monolayers on 
graphene with similar configuration and supramolecular structures.  
 
Figure 5.1. (a) AFM image (1.0 µm × 1.0 µm) of the PTM radical on HOPG 
and (b) the height profile along the dashed line.   
 
SAM of PTM radical and αH-PTM were characterized with various 
techniques. UV-Vis absorption spectra were measured by depositing 
molecules on graphene transferred onto quartz. Figure 5.2a shows that 
absorption spectra of both molecules on graphene, with bare graphene on 
quartz as the reference. PTM on graphene shows a strong absorption band at 
391 nm and two weak absorption bands at 560 nm and 605 nm, which are 
characteristics of PTM radical derivatives
3,14
. αH-PTM shows absorption peak 
only at 380 nm, arising from the pyrenyl chromophore
14
. The UV-Vis 
absorption features indicate that radical characteristics remained on graphene.   
To study the electrochemical activities of both SAM on graphene, we 
used transferred graphene on indium tin oxide (ITO) as the substrates. Figure 
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5.2b shows the cyclic voltammograms of PTM radical and αH-PTM. PTM 
radical shows oxidation peak at 0.05 V and reduction peak at -0.08V, and the 
peak current is linearly related with the scan rate (inset of Fig.5.2b), while no 
activity is observed for αH-PTM. Similar electrochemical activities of the 
PTM radical have been also observed for corresponding SAMs on Au, ITO.     
We derived the surface coverage () of PTM radical on graphene with 
equation (5.1), where Qtot is the total charge, n is the number of electrons per 
mole of reaction, F is the Faraday constant (96485 C/mol), A is the effective 
surface area of working electrode (0.38 cm
2
 in our case) 
                                  =Qtot/nFA                                              （5.1） 








2). We assume the αH-PTM form monolayer on graphene 
with a similar surface coverage as both molecules exhibit the same binding 
force and supramolecular structure on graphene. From these observations, we 
conclude that PTM radical form SAM on graphene with its radical 
characteristics unaltered, which suggest SAM of PTM radical on graphene a 
promising platform to construct multifunctional materials. 
Figure 5.2d shows the Raman spectra of graphene before and after 
assembling PTM radical and αH-PTM molecules. First, additional Raman 
peaks as indicated by the arrows (1338.3, 1380.9 and 1614.2 cm
-1
) are 
observed, consistent with Raman signal observed in solid PTM radical
15
. The 
αH-PTM SAM leads to two additional Raman peaks at 1338.3 and 1619.5 cm-
1
. Second, PTM radical SAM caused blue shift of 7 cm
-1 
for both the G band 
and 2D band; αH-PTM SAM caused blue shift of 4 cm-1 and 7 cm-1 for the G 
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band and 2D band, respectively. The Raman spectra agree with charge transfer 
happened between molecule and graphene.  
 
Figure 5.2. Characterizations of PTM and αH-PTM on graphene. (a) UV-Vis 
absorption spectroscopy. (b) Cyclic voltammograms with 0.1 M of n-
Bu4NClO4 in acetonitrile as the electrolyte, non-aqueous Ag/AgCl as the 
reference electrode and Pt as the counter electrode. (c) Oxidation peak current 
of PTM on graphene as a function of scan rate. (d) Raman spectra of the 
graphene with PTM and αH-PTM monolayers.  
 
We also characterized the PTM radical and αH-PTM assembled on 
graphene with angle-resolved X-ray photoelectron spectroscopy (ARXPS), 
ultraviolet photoelectron spectroscopy (UPS) and near edge X-ray absorption 
fine structure (NEXAFS) spectroscopy. Figure 5.3a-d show the XPS of the 
PTM radical and αH-PTM on graphene and the spectra show 
undistinguishable features for both molecules. The emergence of characteristic 
Cl doublet (Cl 2p1/2 : 202.4 eV, Cl 2p3/2 : 200.7 eV) confirmed the presence of 
PTM moiety on graphene. C 1s spectra is composed of three peaks at 284.3, 
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285.1 and 286.9 eV, corresponding to the sp
2





.  Both the C1s and Cl 2p spectra show monotonically increased 
intensity with the incident angle increase from 40º to 90º, indicating that the 
PTM radical and αH-PTM form SAM on graphene with lying-down phase 
dominated.  
Figure 5.3e and f show the secondary electron cut-off and valence band 
spectra of the PTM radical and αH-PTMSAM on graphene. Both samples 
have a work function of 4.2 eV and HOMO onset of 1.6 eV. Combined with 
NEXAFS (Figure 5.3g), we derive that the radical and nonradical have very 
close HOMO and LUMO energy level, this is reasonable and consistent with 
the DFT calculation (Figure 5.4), which shows that both the HOMO and 
LUMO mainly localized on the pyrenyl group.  
Figure 5.3g shows the NEXAFS spectra, both molecules show 
resonance peaks at 285.4, 288.4, and 293.4 eV, which correspond to the C(Ph) 
→ π* transition,C1s → π* transition, and C-C →σ* transition, respectively16. 
More intriguing feature is the small peak at 282.9 eV, which is observed in the 
radical molecule while absent in the protonated molecule. The low energy 
resonance arises from the singly occupied electronic level due to the unpaired 
electron in the radical molecule
16
. The SUMO state is calculated to be 0.7 eV 
above the Fermi level. Direct observation of the SUMO state unambiguously 
proves that the open-shell characteristics of the radical remain after assembled 
onto graphene, which set one of the most important prerequisites for achieving 
molecular magnet on graphene. The SUMO state is also observed in DFT 
calculation (Figure 5.4a, done by Harshini Venkata Annadata) and this state is 
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directly related to the PTM moiety, as the DFT calculation shows that it is 
localized on the PTM moiety.  
 
Figure 5.3. Angle dependent (a) Cl 2p and (b) C 1s XPS spectra of the PTM 
radical SAM on graphene. Angle dependent (c) Cl 2p and (d) C 1s spectra of 
the αH-PTM SAM on graphene. (e) Secondary electron cut-off, (f) valence 
band spectra and (g) NEXAFS spectra of PTM radical and αH-PTM SAM on 
graphene, the inset shows the features in the circle.   
 
 
Figure 5.4. Energy levels obtained from DFT calculations for gas phase (a) 
PTM radical and (b) αH-PTM. 
 
5.2.3 Charge transport measurements  
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We studied charge transport through PTM radical and αH-PTM on 
graphene with EGaIn techniques. After forming SAM on graphene, we used 
cone-shaped GaOx
cond
/EGaIn as the top electrode and collected large number 
of J(V) curves (0+0.5 V-0.5 V0 in steps of 25 mV; in total we collected 
956 traces in this study). Figure 5.5 shows the histogram of log10|J(±0.5)| of 
junctions with both SAMs. All data follow a normal distribution as fitted by a 
Gaussian. By plotting the Gaussian mean of the values of log10|J|, or 
<log10|J|>G, as a function of applied voltage, we can obtain the average J(V) 
curves of the junctions. Figure 5.6a shows the average J(V) traces of the 
junctions with PTM radical and αH-PTM monolayers. The current density 
flow through radical monolayers is about 1.5 orders of magnitude higher than 
the αH-PTM monolayers. The difference of conductivity between the open-





Figure 5.5. Histogram of the value of log10 |J| for the junctions with PTM 
radical SAM at (a) -0.5 V and (b) 0.5 V, and with αH-PTM SAM at (c) -0.5 V 





Figure 5.6. (a) Charge transport through PTM radical and αH-PTM on 
graphene (b) temperature dependent J(V) characteristics of junctions with 
PTM radical and αH-PTM. 
 
We also performed J(V,T) measurements with the temperature ranging 
from 260 to 350 K to determine the charge transport mechanism. Figure 5.6b 
shows that J(V) curves of junctions are temperature independent, which means 
that the mechanism of charge transport through both radical and its protonated 
analogue is coherent tunnelling. This eliminate the possibility that resonant 




5.2.4 Impedance measurements 
Apart from DC measurements, we also employed AC impedance 
spectroscopy to understand the charge transport behaviour by separating the 
molecular effects and interface effects. Previous studies have shown that 
impedance spectroscopy can be a useful technique to characterize molecular 
tunnel junctions by providing complementary information to DC 
characterizations.
18,19
 After obtaining stable junctions, we collected impedance 
spectra by applying a sinusoidal signal (amplitude: 30 mV, frequency: 1 MHz 
to 1 Hz). The impedance data were validated with KK transformation (see 
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Figure 5.7a and b for the KK residual plots) and fitted to the equivalent circuit 
(see Figure 5.7c and d for the fit residual plots) as we did in Chapter 3. 
 
Figure 5.7. KK residual plots of the junction with (a) radical and (b) non-
radical SAM. Residual plots for the equivalent circuit model fitting to the 
junctions with (c) radical and (d) non-radical SAM.  
 
Figure 5.8a and b show the Nyquist plots of the junctions with radical 
and non-radical SAM, respectively. Under an AC signal, the SAM barrier can 
be represented by parallel connected RSAM and CSAM and the junction can be 
represented by the equivalent circuit shown in the inset of Figure 5.8a. The 
validity and applicability of the equivalent circuit for SAM based junction 




Figure 5.8. Nyquist plot and the fits to the equivalent circuit for (a) radical 
and (b) nonradical based junctions. The inset of (a) is the equivalent circuit. (c) 
Fitting results of RC, RSAM and CSAM.    
 
By fitting the experimental impedance spectroscopy to the equivalent 
circuit, we derived the values of the three electric components (Fig 5.8c). The 
contact resistance of both junctions show indistinguishable value of 1.2-
1.5×10
-2
 Ω cm2, which further indicate that both the PTM radical and αH-
PTM form monolayers on graphene with similar configuration and lead to 
similar molecule-electrodes contacts. For the resistance and capacitance, we 
clearly observed spin state dependent behaviour. The different resistance is 
related to the SUMO state in the radical due to the unpaired electron. Figure 





5.3 Conclusions  
In summary, self-assembled monolayers of PTM radical and its 
protonated analogue have been formed on graphene by using noncovalent π-π 
interaction. The open-shell characteristics of the PTM radical remain after 
assembling onto graphene, as confirmed with multiple independent 
characterizations. Effective reserve of the radical characteristics on graphene 
via noncovalent interaction paves way for further development of molecular 
magnet on graphene. The open-shell characteristics induced distinct properties 
of the radical compared with its non-radical form. Spin state dependent optical 
absorption, electrochemical activity, resistance, capacitance of the two states 
indicate that PTM radical on graphene can be used to fabricate molecular 
memory device with multiple outputs.  
 
5.4 Experimental details 
General procedures. NMR spectra were recorded on a Bruker Avance 400 
MHz. EPR spectra were recorded in a Bruker ELEXYS E500 X-band 
spectrometer. The simulation of the EPR spectra was realised with software 
Simfonia. Mass Spectra were recorded with a Bruker Ultraflex LDI-TOF mass 
spectrometer. The IR spectra were recorded with an ATR-IR Perkin Elmer 
Spectrum One. The manipulation of the radicals in solution was performed 
under red light. The synthesis of the two compounds was done by Carlos 





To a stirring solution of potassium tert-butoxide (17mg; 0.17mmol) in dry 
tetrahydrofuran (10ml) under argon cooled at -78ºC with a bath of liquid 
nitrogen and acetone, PTM-P(O)(OEt)2100 mg; 0.11mmol) was added. After 
10 min 1-pyrenecarboxaldehyde (32.4mg; 0.14mmol) dissolved in 3ml of dry 
THF was added. Then the reaction was allowed to reach room temperature, 
and left fort 2 days at room temperature and under stirring. Then, the resulting 
yellow crude was washed with water and extracted with CH2Cl2, died over 
MgSO4, and evaporated under reduced pressure. Finally, chromatographic 
purification with silica and hexane/CH2Cl2 (95/5) yielded the title compound 
as a yellow powder in a  80% yield (21mg).   
1
H-RMN (400MHz, CD2Cl2):  
(ppm) 8.46 (d, J = 9.3 Hz, 1Har), 8.43 (d, J = 8.0 Hz, 1Har), 8.32 – 8.19 (m, 
4Har+1HC=C), 8.15 (d, J = 1.8 Hz, 2Har), 8.08 (t, J = 7.6 Hz, 1Har), 7.35 (d, J = 
16.3 Hz, 1HC=C), 7.13 (s, 1HH); 
13
C-NMR (101 MHz, CD2Cl2): δ (ppm) 
137.79, 136.63, 136.61, 136.59, 136.01, 135.88, 135.09, 134.99, 134.84, 
134.68, 133.99, 133.97, 133.95, 133.48, 133.46, 133.41, 132.41, 132.37, 
132.30, 131.63, 131.35, 130.76, 130.52, 128.80, 128.08, 127.77, 127.29, 
126.15, 125.89, 125.57, 125.32, 125.10, 124.76, 124.59, 123.87, 122.79, 56.63; 
FT-IR: ν (cm–1):  3047, 2921,2850, 1623, 1598, 1534, 1462, 1369, 1388, 1322, 
1296, 1267, 1241, 1210, 1189, 1120, 960, 838, 808, 754; UV/Vis (CH2Cl2): 
λ(nm) (log ε)=285 (4.37), 370 (4.48); MALDI-TOF (negative mode) 
(C37H12Cl14, M=951.6); m/z [M-1H] = 950.4, [M-2Cl] = 880.4.  
 




To a solution of 1 (50mg, 0.05mmol) in THF (15mL), an excess (0.1 mL, 0.22 
mmol) of (C4H9)4NOH (40% in water) was added. The resultant mixture was 
stirred for 15min and then AgNO3 (56 mg, 0.33 mmol) was added. The 
mixture was stirred for 10 min. The colour of the solution changed to dark 
brown while the silver (Ag
0
) precipitated. Then, the solution was filtered and 
evaporated under low pressure. The compound was filtered through silica gel 
with CH2Cl2 to obtaine the final product (47mg, 94%). EPR (CH2Cl2): g = 
2.0035, aH = 1.95G, Hpp = 1.05G, a13Car = 10.0G, 12.2G, a13CG FT-
IR: ν (cm–1): 2920, 2852, 1611, 1594, 1511, 1488, 1463, 1336, 1320, 1264, 
1248, 1234, 1190, 1155, 1119, 965, 837, 817, 756, 736; UV/Vis (THF): λ(nm) 
(logε)= 285 (4.25), 370 (4.42), 387 (4.50), 527 (3.63),575 (3.53); CV: E11/2 = -
0.14, E
2
1/2 = 1.17; MALDI-TOF (negative mode) (C37H11Cl14, M=950.64); 
m/z [M] = 950.4, [M-2Cl] = 880.4. 
SAM formation on graphene. Cu//graphene substrates were obtained using 
the same methods as detailed in Chapter 3 and used as the substrates to form 
SAMs of the radical and non-radical. Typically, the molecule precursor is 
dissolved in toluene to get a solution with a concentration of 1×10
-4
 M. 
Graphene substrates were immersed into the solution for 2 h and slightly 
rinsed with toluene and dried under N2 flow gently.  
SAM characterizations. SAMs of the radical and nonradical were 
characterized with multiple techniques, including Atomic force microscopy 
(AFM), Raman spectroscopy, UV-Vis absorption spectroscopy, cyclic 
voltammetry and synchrotron based X-ray photoelectron spectroscopy (XPS), 
127 
 
Ultraviolet photoelectron spectroscopy (UPS) and Near-edge X-ray absorption 
fine structure (NEXAFS) spectroscopy.  
Electrical measurements. SAMs formed on freshly grown graphene on 
copper is contact with EGaIn (Gallium-Indium eutectic) top electrode to form 
tunnel junctions. DC charge transport measurements were carried out with 
cone-shaped top electrode and measured in bias range of -0.5 V to +0.5 V by 
following previously reported procedures [ref]. Polydimethylsiloxane (PDMS) 
confined microfluidic EGaIn top electrodes were used to fabricate stable 
junctions for impedance measurements. AC impedance spectroscopy of the 
tunnel junctions with radical and nonradical SAM were performed on 
junctions with J(V) characteristics within one log-standard deviation of the 
mean values of J. A sinusoidal signal of amplitude of 30 mV at zero bias with 
the frequency ranging from 1 Hz to 1 MHz was applied on the junctions. 
Temperature dependent J(V) curves were collected for junctions with PDMS 
confined microfluidic EGaIn as top electrodes in probe station.  
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Supramolecular vs Electronic Structure: The Effect of the 
Tilt Angle of the Active Group in the Performance of a 
Molecular Diode  
 
Abstract: It is important to understand how the supramolecular structure of 
molecular junctions affects their performance. Such studies are challenging 
because it is difficult to separate electronic effects from supramolecular structural 
effects because both depend on each other. Here we show that by changing the 
connector group that connects the active component (a ferrocene unit) of a 
molecular diode to the backbone (an alkyl chain) both the electronic and 
supramolecular structures of the junctions are modified. The connector group 
determines the tilt angle of the Fc unit which in turn affects the packing structure 
of the molecular diodes. In this case, the supramolecular structure dominates over 
the electronic structure of the molecular diodes and junctions with loosely packed 
SAMs result in poorly performing molecular diodes while stiff, densely packed 
SAMs result in well performing molecular diodes 
 
6.1 Introduction  
To develop molecular diodes has been one of the major goals in molecular 
electronics, but to date well-performing molecular diodes are still very rare. 
Ratner and Aviram theoretically proposed that molecular junctions could rectify 
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currents in 19741. They suggested that molecules of the form of donor-bridge-
acceptor connected to two electrodes would result in metal—molecule—metal 
junctions that block the current in one direction of bias but would let the current 
pass through at opposite bias. Since then these2,3 and other types of molecular 
diodes (e.g., based on only donor or acceptor groups asymmetrically positioned 
inside the junctions4-10, push-pull molecules (strong dipoles)11,12, or molecules in 
an electrochemically controlled environment13 or asymmetrical metal—molecule 
contacts14,15) have been both experimentally and theoretically investigated. By far 
most studies have focused on how the chemical structure of the molecule would 
affect the electronic structure of the junctions and the molecular diode 
performance was usually measured in terms of the rectification ratio R (≡|J(-
V)|/J(V)). On paper promising molecular diodes had often (apart from a few 
exceptions with high values of R4-6,13) disappointingly low values of R less than 
10 for unclear reasons. Therefore it is important to identify, and isolate, potential 
factors that lower the performance of molecular diodes.  Such studies, however, 
are challenging because molecular junctions are complex physicochemical 
systems making it difficult to isolate each factor that contributes to the charge 
transport characteristics of the junctions. For the molecular diode shown in Fig. 
6.1, we have shown before that the  surface roughness of the bottom-electrode16, 
purity of the monolayer precursors17, the type of anchoring group17, position of 
the ferrocene (Fc) unit within the SAM (i.e., length of the linker group)18, and the 
Fc—electrode interaction,18 all affect the diode performance. Here we show in 
general that the connector group X of the molecular precursor plays a critical role 
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in the performance of our molecular diode and adds to the emerging conclusion 
that  each component of the junctions have to be optimized to obtain well-
performing diode with R > 100. 
Usually, the molecular component of the junctions is a complex chemical 
architecture consisting of several components as outlined in Figure 6.1a. The 
molecular structure contains at least four parts: i) one or two anchoring groups to 
bind the molecule to one or both electrodes chemically (here only one anchoring 
group is drawn and such a molecule forms non-covalent SAM//top-contact); ii) a 
linker group to bind the active component of the molecule to the anchoring group; 
iii) the active component of the molecule (e.g., donor, acceptor, or a donor-bridge-
acceptor moiety); iv) connector moieties (denoted as X) that connect the active 
component to the linker groups. Although the effects of different types of 
anchoring groups (e.g., thiolates, amines, or CN)15,19,20 and linker groups 
(aliphatic, conjugated, or aromatic groups)4,12,13 on the diode performance have 
been studied systematically before, the connector moieties have been usually 
chosen for synthetic considerations and their role in the performance of molecular 
diodes has not been systematically investigated.  
We have studied a molecular diode based on a single electron donor 
asymmetrically positioned inside junctions of the form AgTS-SCnFc//GaOx/EGaIn 
where AgTS denotes template-stripped silver, SCnFc denotes a SAM of S(CH2)nFc 
with Fc indicates ferrocene and n denotes the number of CH2 units (Fig. 6.1b)
4. 
These junctions fabricated on AgTS have large enough values of R of 1.0  102 to 
be useful in physicochemical studies of charge transport3a. We used AgTS surfaces 
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as previous studies have shown that our diodes perform better on AgTS than on 
template-stripped gold (AuTS) (by a factor of 10 in terms of R) because on AgTS 
the SAMs are less  tilted and pack better than on AuTS21 and AgTS surfaces are 
smoother than AuTS (rms is 0.68 nm for AuTS and 0.30 nm for AgTS measured over 
1.0  1.0 um2; Fig. 6.2)7. Here, we used AgTS as the bottom electrode to support a 
SAM of SC10XFc where X denotes the connector group with X = CH2, C=O, O-
C=O, NHC=O, or O=CNH. The well-characterized cone-shaped GaOx/EGaIn
22-24 
was used as top electrodes and completed the AgTS-SC10XFc//GaOx/EGaIn 
junctions (Fig. 6.1b). These junctions rectify due to a change in charge transport 
mechanism from sequential tunneling in the “on” state to direct tunneling in the 
“off” state (Fig. 6.1c).6,18,25  Here we report that the connector moiety determines 
the tilt angle  of the Fc units (Fig. 6.1b) which in turn directly relates to the 
supramolecular structure of the SAMs (i.e., the packing structure) and 
consequently to the performance of the molecular diodes in terms of R and 




Figure 6.1. (a) Schematic of the molecular structure. (b) Schematic illustration of 
the AgTS-SC10XFc//GaOx/EGaIn junctions. Whether the junction behaves as a 
molecular diode or molecular resistor depends on α as explained in the main text. 
(c) Energy level diagram of the junctions in the “off” state at negative bias(left), 
“on” state at positive bias (middle), and at zero bias (right).  
 
We have shown before that in the specific case of X = CH2, so-called odd-
even effects are important: less densely packed SAMs with an even number of 
CH2 units result in lower R (by a factor of 10) compared with densely packed 
SAMs with an odd number of CH2 units
4,21 because of an odd-even in α of 5° (for 
n = 8-13). Here we explicitly show by changing α over 11° that the connector 
group in general determines α and therefore plays a crucial role in the packing 
structure of SAMs directly affecting the performance of molecular diodes. 
Although we investigate both electron donating and withdrawing X moieties, we 
found that the changes in the supramolecular structure dominated over the 




Figure 6.2. AFM images of (a) Au
TS
 and (b) Ag
TS
 substrates (scale bar: 300 nm). 
The rms roughness determined over an area of 1  1 μm2 was 0.68 nm and 0.30 
nm for Au
TS and AgTS, respectively.  
 
6.2 Results and discussion 
6.2.1 SAM characterizations 
In general, it is challenging to disentangle how the electronic structure and 
supramolecular structure of the junctions contribute to the electrical 
characteristics of molecular junctions because one depends on the other. For this 
reason we characterized the supramolecular and electronic structure of the SAMs 
in detail. The SAMs on AuTS were characterized with cyclic voltammetry (CV) to 
determine the surface coverage (ГFc), peak anodic (Epa) and cathodic (Epc) 
potentials, and the energy level of the highest occupied molecular orbital (EHOMO) 
which is centered at the Fc unit. The CV results are summarized in Table 6.1. A 
single reversible oxidation peak was observed for all SAMs suggesting that the 
SAMs were homogeneous (Fig. 6.3)17,26,27. As expected, the value of Epa shifted 
to more positive values when X is electron withdrawing (X = C=O and O-C=O, 
O=CNH) and to more negative values when X is electron donating (X = NHC=O) 
relative to the Epa value for SAMs with a weakly electron donating group X = 
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CH2. These observations agree well with the observations made by others
28 and 
here the Epa shifted anodically over a range of 0.29 V in the order of C=O > O-
C=O > O=CNH > CH2 > NHC=O, which is consistent with the electronic effects 
(σp, sum of inductive (σI) and resonance (σR) components
29) induced by different 
X (Figure 6.4). 
 





Table 6.1. The electronic effect of X and electrochemical characteristics of the 
SAMs as a function of X. The electronic effect (σp) of X can be divided into 
inductive (σI) and resonance (σR) components. The inductive effects are caused by 
differences in electronegativity between bonded atoms which lead to a 
polarization of the bond, while resonance is generally the process where π 





















NHC=O 0.00 -0.31 -0.31 281±5 213±5 68±5 
CH2 -0.15 -0.15 -0.30 320±9 302±9 18±8 
O-C=O 0.45 0.11 0.56 523±8 508±6 15±6 
O=CNH 0.36 -0.01 0.35 515±9 491±8 24±8 
C=O 0.50 0.17 0.67 569±10 537±11 32±10 
[a]
 The values were taken from reference 8.  
[b]
 The values were calculated using σp = σI + σR.  
[c]
 The values were derived from CV and the error bars represent the standard 




Figure 6.4. Correlation between Epa and electronic effects (σp) for the different 
types of X moieties, the dashed line is a guide to the eyes.  
 
The EHOMO, the work function of the silver electrode Ag, and the off-set in 
energy between the EHOMO and the Fermi-level of the bottom electrode EEM 
(Figure 6.1c), were determined by ultra-violet photoelectron spectroscopy (UPS, 
Fig. 6.5a). Table 6.2 and Figure 6.6a show the general trend in the values of 
EHOMO determined by UPS and CV agree well and the difference in absolute 
values is likely caused by the different experiment conditions. It is well-known 
that the Ag decreases once a SAM is immobilized on Ag as result of the push-
back effect that arises from the increase of density of states due to the formation 
of Ag-S bonds.30 For a clean Ag Ag = 4.7 eV and, indeed, we found lower values 
of Ag of 4.0 – 4.5 eV for the Ag
TS
-SAM surfaces. The values of EEM range from 
0.89 to 1.42 eV which are likely caused by the surface dipole induced by the 
dipole of X.31 
We used near edge X-ray adsorption fine structure (NEXAFS) 
spectroscopy to determine α and the energy of the lowest unoccupied molecular 
orbital (ELUMO)
32. The tilt angle can be determined because of the linear dichroism 
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in the X-ray absorption process. By recording the NEXAFS spectra at different 
angles , one can determine the tilt angle of specific moieties within the SAM. We 
recorded the NEXAFS spectra at  = 20° and 90° (Figure 6.5b) and used the 
change in the intensity of the C 1s→4e1g signal (285.4 eV) to determine α which 
are plotted in Figure 6.6b. Two SAMs with X = CH2 and NHC=O have smaller 
values of α than the other three SAMs. These smaller  values indicate that the Fc 
units of these two SAMs are standing more upright than the other three. The 
ELUMO is listed in Table 6.2 and we believe that the LUMO does not anticipate in 
charge transport in the applied bias range (see below) due to the large HOMO-
LUMO gap. 
 
Figure 6.5. (a) UPS spectra of the SAMs. The dashed lines indicate the secondary 
electron cut off (left) and HOMO onset positions (right). (b) C K-edge NEXAFS 
spectra of Ag
TS
-SCnXFc SAMs acquired at an X-ray incidence angle of 20° 





Figure 6.6. (a) The EHOMO and (b) title angle α (as indicated in Fig. 6.1) as a 
function of connector group X (see Notes of Table 6.2 for the meaning of the error 
bars).  
 
We used angle resolved X-ray photoemission spectroscopy (ARXPS) to 
further study the effects of the X on the supramolecular structures these SAMs on 
AgTS. Figure 6.7 and 6.8 show the Fe 2p and S 2p spectra of all SAMs from which 
we determined ГFc and the effective thickness d of the SAMs using previously 
reported methods. The surface coverages derived from XPS agree well with those 
derived from CV and the values of d agree within the experimental error to the 




Figure 6.7. Fe 2p spectra of SAMs on Ag
TS
 with different X.   
 
 
Figure 6.8. Angle resolved S 2p spectra of SAMs with (a) NHC=O, (b) CH2, (c) O-C=O, (d) 




Table 6.2. Summary of the characteristics of SAMs with different X   
X NHC=O CH2 O-C=O O=CNH C=O 
EHOMO (eV) CV
a -4.95±0.01 -5.02±0.01 -5.21±0.01 -5.20±0.01 -5.25±0.01 




CVa 4.58±0.09 4.33±0.08 3.67±0.28 3.31±0.13 3.16±0.10 
XPSc 4.97 4.50 4.04 3.41 2.57 
b(eV) 4.11 3.95 4.24 4.09 4.47 
EEM
b (eV) 0.89 1.23 1.42 1.37 1.17 
ELUMO
b (eV) -2.51 -2.65 -3.24 -2.59 -3.17 
Thickness (Å) 
XPSd 18.9 17.4 19.4 20.1 17.8 
CPK 16.7 16.4 17.5 17.6 16.5 
e (°) 47.9 53.0 54.4 57.8 59.4 
R(σlog) 90 (0.34) 99 (0.39) 0.5 (0.15) 0.4 (0.43) 0.6 (0.30) 
a 
The error bars represent the standard deviation of three independent measurements.  
b 
The values were determined with an instrumental error of ± 0.05 eV.  
c
 The error is about 2% as estimated from the fits of the peak of Fe 2p spectra.  
d
 The values were determined with error of ± 2.0 Å, which represents the error of the fits.  
e 
The values were determined by NEXAFS with an instrumental error of ± 5.  
 
6.2.2 Electrical measurements 
The Ag
TS
-SC10XFc//GaOx/EGaIn junctions were formed with cone-shaped 
GaOx/EGaIn top electrodes and charge transport properties were measured by recording the 
J(V) curves (0+1.0 V-1.0 V0 in steps of 50 mV) using previously reported 
procedures
4
. The J(V) curves were recorded with average yield of 92% (Table 6.3). The large 
number of J(V) data were analyzed to determine the Gaussian mean of the values of log10|J| 
(<log10|J|>G) for each measured bias. Figure 6.9 shows <log10|J|>G vs. applied bias curves and 
the error bars indicate the log-standard deviation (σlog). Similarly, we determined the 
Gaussian mean of the values of log10R (<log10R>G) and their log-standard deviations (see 
Table 1). Figure 6.10 shows the histograms of R for junctions with different X and Figure 
6.11a shows R vs. X. The highest value of R of nearly two orders of magnitude were 
observed for junctions with X = NHC=O and CH2 while R was near unity for junctions with 
X = C=O, O-C=O, and O=CNH, and hence these junctions did not rectify significantly. The 
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value of R for junctions with X = CH2 is consistent with previous reports
4,25
. These data show 
that X plays a crucial role in the performance of the molecular diodes.  
 
Table 6.3. Summary of the Ag
TS

















NHC=O 3 17 1 364 94 
O-C=O 3 17 2 382 88 
C=O 3 23 3 492 87 
O=CNH 3 23 1 552 96 
CH2 3 20 1 480 95 
Total 15 100 8 2270 92 
[a]
A short junction is defined as a junction with a value of J exceeding 105 A/cm
2
 (the 
compliance value of our instrument), while recording 20 J(V) scans.  
[b]
The total number of J(V) traces recorded for each SAM.  
[c]




Figure 6.9. (a)-(e) Log-average J(V) curves of the Ag
TS
-SC10XFc//GaOx/EGaIn junctions, 
the insets show the same plot in linear scale. The error bars represent the log-standard 





Figure 6.10. Histogram of R determined at 1.0 V with Gaussian fit obtained from junctions 





Figure 6.11. (a) Value of R of different junctions as a function of α. The horizontal dashed 
line indicates R = 1. (b) Surface coverage of the SAMs as a function of α. (c)The current 
density at +1.0 V and -1.0 V as a function of α for junctions with different X. (d) The current 
density at -1.0 V as a function of d obtained from ARXPS. All the dashed lines are a guide for 
the eye. 
 
To elucidate that indeed the supramolecular structure of the SAM is determined by the 
tilt angle, we plotted Fc against α (Fig. 6.11b). The good linear correlation indicates that 
indeed the SAM structure relates directly to α which in turn is dictated by X. Figure 6.11c 
shows the correlation between  and values of J at +1.0 V. The leakage current increases by 
two orders of magnitude with increasing  of ~11 which confirms that the X is important to 
minimize leakage currents. This large increase of the leakage current with α caused the 
decrease in R and, in effect, changed the junction from a molecular diode to a molecular 
resistor. Figure 6.11c also shows that the values of J (-1.0) (current density in the “on” state) 
are not directly correlated with the value of α. The variation of J (-1.0) is mainly due to the 
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variation of d (Table 6.2 and Fig. 6.11d). These results show that the leakage current is more 
sensitive to the supramolecular structure of SAMs than d or the electronic structure of the 
SAMs. We have shown elsewhere that the interaction strength of the Fc with the electrode is 
important9. In the present study we did not change the interaction of the Fc with the top 
electrode and kept the linker length constant at n = 10 and thus we did not change the 
coupling strength of the Fc with bottom-electrode. In addition, low values of δEHOMO ensure 
that the diodes would switch to the “on” state at low applied bias because the HOMO would 
fall in the bias window at relatively low applied bias increasing the value of R. The connector 
group X changed the values of EHOMO by nearly 0.3 eV (Table 6.2) but we did not observe a 
clear correlation between EHOMO and R, which indicates that the effect of electronic structure 
is overshadowed by the supramolecular structure.  
 
6.3 Conclusions   
In summary, we studied how a connector group X that connects an electron donor to 
the back bone of the SAM influences the performance of a molecular diode of the form of 
AgTS-SC10XFc//GaOx/EGaIn. These connector groups are often chosen based on synthetic 
grounds, but here we show that the connector group plays a crucial role in the supramolecular 
packing of the SAMs and determines the value of α.  SAMs with small α values are densely 
packed and once incorporated in tunneling junctions form good molecular diodes with values 
of R of nearly two orders of magnitude. In contrast, SAMs with large α values are sterically 
hindered which prevents the SAMs to pack well and lowers the surface coverage and the 
effective thickness of the SAMs; these SAMs result in poorly rectifying diodes with R close 
to unity because they suffer from large leakage currents.      
The connector group also affects the electronic structure (the EHOMO changed by 0.3 
eV) and, in principle, junctions with low δEHOMO values should have low turn-on values and 
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perform well. This change in the electronic structure, however, was overshadowed by the 
changes in the supramolecular structure resulting in junctions that ceased to rectify. Although 
it is important to optimize the electronic structure of molecular junctions in general, this work 
shows that optimization of the supramolecular structure is at least of equal importance to 
ensure optimal performance of molecular electronic junctions and that connector groups have 
to be taken into consideration in the rational design of molecular diodes. 
 
6.4 Experimental details 
General procedures. Ferrocene, 11-bromoundecanoic acid, 1-aminoferrocene, anhydrous 
MgSO4, potassium thioacetate, silica gel (pore size 60 Å, 230-400 mesh particle size, 40-63 
μm particle size) were purchased from Sigma-Aldrich. Analytical grade solvents and reagents 
were used unless otherwise stated. Deionized (DI) water (PURELAB, Option-Q, 18.2 MΩ 




C NMR spectra were recorded on a Bruker Avance 300 MHz (AV300) spectrometer 
using chloroform-d as solvent. Mass spectra and high resolution mass spectra (ESI or APCI) 
were recorded on a Bruker micrOTOF-QII mass spectrometer. The following synthesis of 
FcXC10SH compounds were done by Dr. Max Roemer and Dr. Jiang Li 
Synthesis of FcCH2(CH2)10SH: This compound was synthesized by following a previously 
reported method
33
, with ferrocene and 11-bromoundecanoic acid as precursors. Conversion of 
the bromo to the thiol functionality gave the product with an overall yield of 40%. 
1
H-NMR 
(300 MHz, CDCl3): δ = 4.08 (s, 5 H, HFc), 4.03 (s, 4 H, HFc), 2.53 (q, J = 7.2 Hz, 2 H, -
CH2SH), 2.31 (t, J = 7.1 Hz, 2 H, -CH2Fc), 1.26-1.55 (brd, 18 H). 
13
C-NMR (300/4 = 75 
MHz, CDCl3): δ = 68.46, 68.07, 68.99, 34.07, 31.13, 29.67, 29.60, 29.09, 28.40, 24.67 ppm. 
ESI-MS m/z 372.18.  
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Ferrocene (1.92 g, 10.3 mM) was dissolved in 10 mL dry hexane and 13 mL distilled 
THF and cooled to -20C in a glove box. t-BuLi (12 mL, 1.7 M in pentane, 20.4 mM) was 
added drop wise during 15 min and the resulting reaction mixture was stirred for 1 h. 
Subsequently, the sealed flask was taken out of glove box and a flow of CO2 was bubbled 
through a gas inlet into the orange-brown suspension for 15 min. The red colored suspension 
was poured into 100 mL DI water. The aqueous phase was acidified with concentrated HCl. 
Then, the mixture was extracted with dichloromethane (DCM; 50 mL, 2 times). The red 
colored organic phases were collected and dried over anhydrous MgSO4. The solvent was 
removed with rotary evaporator and the crude product was purified by column 
chromatography over silica gel with DCM as the eluent. After removal of the solvent with 
rotary evaporator an ochre colored powder was obtained. 
In a 100 mL flask with a Dean-Stark head, ferrocene carboxylic acid (0.38 g, 1.67 
mM), 10-bromo-1-decanol (0.59 g, 2.5 mM) and p-toluenesulfonic acid (0.50g, 2.63 mM) 
were dissolved in toluene (50 mL). The mixture was refluxed for 6 h under argon atmosphere. 
After cooling down to room temperature, the mixture was filtered and the solvent was 
removed with rotary evaporator. The residue was dissolved in DCM (100 mL) and washed 
with 10% aqueous NaHCO3 solution (50 mL, 2 times). The organic phases were dried over 
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anhydrous MgSO4. After filtration, the solvent was removed with rotary evaporator and the 
crude product was purified by column chromatography on silica gel with 100 : 2 hexane : 
ethyl acetate as eluent. After the removal of solvent, reddish oil was obtained. 
In a 50 mL flask, FcCO(CH2)10Br (0.70 g, 1.6 mM) was dissolved in distilled THF 
(32 mL). Potassium thioacetate (0.23 g, 2.0 mM) was added into the solution. The mixture 
was refluxed for 20 h under argon atmosphere. After cooling down to room temperature, DI 
water (100 mL) was added and the mixture was extracted with DCM (50 mL, 2 times). The 
combined organic phases were washed with DI water (50 mL, 3 times). After removal of the 
solvent, the residue was dissolved in deoxygenated methanol (32 mL) under an argon 
atmosphere. Then, an aqueous solution of Na2CO3 (0.22 g, 2.0 mM) was added into the flask 
and the suspension was stirred for 30 min. The mixture was acidified with 100 ml aqueous 
solution of CH3COOH (0.36 g, 6 mM) and extracted with DCM (50 mL, 2 times). The 
combined organic phases were dried over anhydrous MgSO4. The solvent was removed with 
rotary evaporator and the crude product was purified by flash column chromatography over 
silica gel with 100 : 2 hexane : ethyl acetate as eluent. Yield: 0.51 g, 1.3 mM (83%). 
1
H NMR 
(300 MHz): 4.77 (m, 2H, cp), 4.48 (m, 2H, cp), 4.18 (s, 5H, cp), 2.68 (t, J = 7 Hz, 2H, 
COCH2), 2.51 (q, J = 7 Hz, J = 7 Hz, 2H, CH2SH), 1.69 (m, 2H), 1.60 (m, 2H), 1.34-1.29 
(brd, 12H). 
13
C NMR (75 MHz):  204.63 (CO), 79.18 (ipso-C), 72.04 (cp), 69.68 (cp), 
69.28 (cp), 39.71, 34.00, 29.49, 29.43, 29.39, 28.32, 24.61, 24.58.  MS (ESI): 409 (M
+ 
+ Na) 
HRMS: cacld for C21H 30FeNaOS: 409.1259; found: 409.1265. 





In a 100 mL flask with a Dean-Stark head, ferrocene carboxylic acid (0.38 g, 1.67 
mM), 10-bromo-1-decanol (0.59 g, 2.5 mM) and p-toluenesulfonic acid (0.50g, 2.63 mM) 
were dissolved in toluene (50 mL). The mixture was refluxed for 6 hours under argon 
atmosphere. After cooling down to room temperature, the mixture was filtered and the 
solvent was removed with rotary evaporator. The residue was dissolved in DCM (100 mL)  
and washed with 10% aqueous NaHCO3 solution (50 mL, 2 times). The organic phase was 
dried over anhydrous MgSO4. The solvent was removed with rotary evaporator and the crude 
product was purified by column chromatography over silica gel with 100 : 2 hexane : ethyl 
acetate as eluent. After the removal of solvent, reddish oil was obtained.  
In a 50 mL flask, FcCOO(CH2)10Br (0.32 g, 0.71 mM) was dissolved in distilled THF 
(20 mL). Potassium thioacetate (0.11 g, 0.96 mM) was added into the solution. The mixture 
was refluxed for 20 hours under argon atmosphere. After cooling to room temperature, DI 
water (100 mL) was added and the mixture was extracted with DCM (50 mL, 2 times). The 
combined organic phase was washed with DI water (50 mL, 3 times). After the removal of 
solvent, the resident was dissolved in deoxygenated methanol (20 mL) under an atmosphere 
of Ar. Next, an aqueous solution of Na2CO3 (0.11 g, 1.0 mM) was added and the suspension 
was stirred for 30 min. The mixture was acidified with 100 ml aqueous solution of 
CH3COOH (0.18 g, 3 mM) and extracted with DCM (50 mL, 2 times). The combined organic 
phases were dried over anhydrous MgSO4, the solvent was removed with rotary evaporator, 
and the crude product was purified by flash column chromatography over silica gel with 100 : 
2 hexane : ethyl acetate as eluent. Yield: 0.24 g, 0.60 mmol (85%). 
1
H NMR (300 MHz): 
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4.80 (m, 2H, cp), 4.38 (m, 2H, cp), 4.19 (s, 5H, cp), 2.52 (q, J = 7 Hz, J = 7 Hz, 2H, 
CH2SH), 1.72 (m, 2H), 1.60 (m, 2H), 1.45-1.30 (brd, 14H). 
13
C NMR (75 MHz):  171.72 
(CO), 71.50 (ipso-C), 71.15 (cp), 70.06 (cp), 69.67 (cp), 64.25, 34.01, 29.48, 29.42, 29.24, 
29.02, 28.89, 28.33, 26.03, 24.63.  MS (ESI): 425 (M
+
) HRMS: cacld for C21H 30FeNaO2S: 
425.1208; found: 425.1216.  












Iodoferrocene (2.50 g, 8.0 mM) and copper phthalimide (7.27 g, 20.4 mM) were 
mixed in powder form in a 50 mL flask. The flask was heated in Ar at 140℃ for two hours. 
After cooling down to room temperature, the mixture was extracted with DCM (75 mL, 2 
times). The combined organic phases were dried over anhydrous MgSO4. After removal of 
the solvent with a rotary evaporator, the crude product was purified by column 
chromatography over silica gel with 100 : 5 hexane : ethyl acetate as eluent. Red crystals 
were obtained after the removal of the solvent. 
The red crystals (1.34 g, 4.1 mM) were dissolved in 10 mL dry ethanol. Hydrazine 
monohydrate (4 mL) was added and the mixture was heated under reflux for 2 hours. After 
cooling down to room temperature, 16 mL of water was added and the mixture was extracted 
with diethyl ether (30 mL, 3 times). The combined organic extracts were dried over 
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anhydrous MgSO4, concentrated with rotary evaporator and after which a yellow powder was 
obtained. 
11-Bromoundecanoic acid (1.09 g, 4.1 mM) was dissolved in dry DCM (20 mL) in 50 
mL three neck flask. The mixture was cooled down using an ice bath for 15 min. The solution 
of oxalyl dichloride (2.3 mL) in DCM (10 mL) was dropped into the flask over 15 min under 
argon atmosphere. The mixture was stirred for another 1 hour. The solvent and excess oxalyl 
dichloride were removed under vacuum with an oil pump equipped with a cold trap. Dry 
DCM (15 mL) was added into the flask. The solution of 1-aminoferrocene (0.824 g, 4.1 mM) 
in dry DCM was dropped into the flask slowly. Yellow powder precipitated gradually from 
the solution. After the dropping, DMF (0.3 mL) was added into the flask. The mixture was 
stirred and poured into DI water (50 mL) and extracted with DCM (50 mL, 3 times). The 
combined organic extracts were dried over anhydrous MgSO4. The solvent was removed with 
rotary evaporator and the crude product was purified by column chromatography over silica 
gel with 10 : 1 hexane : ethyl acetate as eluent. Yield: 0.60 g, 1.34 mM (33%). 




H NMR (300 
MHz, CDCl3): δ = 1.23-1.44 (m, 12 H), 1.68 (m, 2 H), 1.85 (m, 2 H), 2.23 (t, 2 H, J = 7.5 Hz, 
-CO-CH2-), 3.40 (t, 2 H, J = 6.9 Hz, -CH2-Br), 3.99 (t, 2 H, J = 1.8 Hz, CpH), 4.15 (s, 5 H, 
C5H5), 4.59 (t, 2 H, J = 1.8 Hz, CpH), 6.47 (s, 1 H, NH).  
In a 50 mL flask, FcCO(CH2)10Br (0.70 g, 1.6 mM) was dissolved in distilled THF 
(32 mL). Potassium thioacetate (0.23 g, 2.0 mM) was added into the solution. The mixture 
was refluxed for 20 hours under argon atmosphere. After cooling down to room temperature, 
100 mL DI water was added and the mixture was extracted with DCM (50 mL, 2 times). The 
combined organic phases were washed with DI water (50 mL, 3 times). After the removal of 
solvent, the resident was dissolved in deoxygenated methanol (32 mL) under Ar atmosphere. 
Then, an aqueous solution of Na2CO3 (0.22 g, 2.0 mM) was added into the flask and the 
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suspension was stirred for 30 min. The mixture was acidified with aqueous solution of 
CH3COOH (0.36 g, 100 mL, 6 mM) and extracted with DCM (50 mL, 2 times). The 
combined organic phases were dried over anhydrous MgSO4, concentrated, and the crude 
product was purified by flash column chromatography over silica gel with 100 : 2 hexane : 
ethyl acetate as eluent. Yield: 0.51 g, 1.3 mM (83%). 
1
H NMR (300 MHz): m, 1H, 
NH4.65 (m, 2H, cp), 4.19 (s, 5H, cp), 4.04 (m, 2H, cp), 2.52 (q, J = 7 Hz, J = 7 Hz, 2H, 
CH2SH), 2.26 (m, 2H), 1.71 (m, 4H), 1.33 (brd, 14H). 
13
C NMR (75 MHz):  190.05 (CO), 
69.22 (cp), 64.53 (cp), 61.34 (cp), 37.41, 33.99, 29.41, 29.36, 29.32, 29.28, 29.23, 29.15, 
28.99, 28.42, 28.31, 25.74, 24.62. MS (ESI): 424 (M
+ 
+ Na). HRMS: cacld for C21H 
31FeNNaOS: 424.1368; found: 424.1372. 
Synthesis of FcCONH(CH2)10SH:  
 
11-bromoundecan-1-ol (1.45 g, 6.11 mM), potassium phthalimide (1.48 g, 8 mM), 10 
mL THF and 10 mL DMF were mixed and refluxed overnight. The solvent was removed with 
rotary evaporator and the solid was purified by flash column chromatography over silica gel 
with 6: 1 hexane : ethyl acetate to obtain compound (a). Compound (a) (1.2 g, 3.96 mM) was 
dissolved in 30 mL EtOH and 1.2 mL N2H4.H2O was added, after which the mixture was 
stirred and refluxed for 2 h. 50 mL ethyl acetate was added after cooling down to room 
152 
 
temperature. The mixture was washed with KOH solution (100 mL, 1 M) for two times 
followed by DI water (100 mL) for two times. The combined organic phase was dried with 
Na2SO4 and the solvent was removed with rotary evaporator to obtain compound (b).  
 Ferrocene carboxylic acid (0.69 g, 3 mM) was dissolved in dry DCM (30 mL) in a flask. 
(COCl)2 (2 mL) was dissolved in dry DCM (10 mL) and dropped into the flask in ice bath. 
After stirring 1 h and dried with mechanic and oil pump, dry DCM (20 mL) was added. 
Compound (b) was dissolved in DCM (10 mL) and dropped into the flask at room 
temperature. The mixture was stirred for 8 h and then quenched with water and the product 
was extracted with DCM to obtain compound (c). Compound (c) was dissolved in toluene 
and PBr3 was added, the mixture was stirred overnight at room temperature. The solvent was 
removed with rotary evaporator and the solid was purified by flash column chromatography 
on silica gel with 4 : 1 hexane : ethyl acetate to obtain compound (d). Compound (d) was 
refluxed in THF with addition of potassium thioacetate to obtain the final product. 
1
H NMR 
(300 MHz): 5.64 (m, 1H, NH), 4.64 (m, 2H, cp), 4.32 (m, 2H, cp), 4.19 (s, 5H, cp), 3.36 
(m, 2H, CH2NH), 2.50 (q, J = 7 Hz, J = 7 Hz, 2H, CH2SH), 1.58 (m, 2H), 1.35-1.30 (brd, 
14H). 
13
C NMR (75 MHz):  170.01 (CO), 70.24 (cp), 69.66 (cp), 68.01 (cp), 39.53, 33.97, 
29.98, 29.45, 29.39, 29.28, 28.98, 28.30, 26.95, 24.61. MS (ESI): 424 (M
+ 
+ Na) HRMS: 
cacld for C21H 31FeNNaOS: 424.1368; found: 424.1373.  
Fabrication of template-stripped substrates. Template-stripped gold (Au
TS
) and sliver 
(Ag
TS
) were prepared following previously reported procedures
34
. Typically, 300 nm Ag (or 
Au) were deposited onto cleaned Si/SiO2 surfaces in a thermal evaporator (Shen Yang Ke Yi, 
China) with a rate of 0.5 Å/s and base pressure of 5  10-7 mbar, followed by vacuum 
annealing at 200 
°
C for 30 min. Glass substrates were cleaned with piranha solution and 
plasma of air (1 × 10
-3
 Torr) and glued onto the metal substrates with optical adhesive 
(Norland, No 61). The adhesive was cured under ultraviolet light (100 Watt) for 30 min. 
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When needed, the Ag substrates were stripped off the template to yield the exposed Ag 
surface that had been in contact with the Si/SiO2 surface. The metal surfaces were 
characterized with atomic force microscopy (AFM). AFM images were recorded with Bruker 
Dimension FastScan AFM (FASTSCAN-A, resonant frequency: 1.4 MHz, force constant: 18 
N/m) by using tapping mode tips with intermittent contact.  




 as the substrates to form SAMs of SC10XFc 
using well-known procedures
4
. Typically, the SAM precursors were dissolved in 3 mL of 
ethanol to form an ethanolic solution with a concentration of 5 mM of the desired thiol. The 
solutions were purged with N2 gas for 15 min prior to the immersion of freshly prepared Ag
TS
 
substrates. After immersing 3 h at room temperature under N2 atmosphere, the substrates 
were rinsed gently with ethanol and dried with N2 gas before used in following measurements. 
Electrochemical characterization. SAMs of SC10XFc on Au
TS
 electrodes were 




 as the working electrode, Ag/AgCl as 
the reference electrode and 1.0 M HClO4 aqueous solution as the electrolyte. Cyclic 
voltammograms were recorded between -0.1 V and +0.9 V with a scan rate of 1.0 V/s. All 
measurements were performed with an AUTOLAB PGSTAT302N with NOVA 1.9 software.  
We determined the surface coverage of Fc units (Fc in mol/cm
2
) by integrating the 
anodic wave of the CV to obtain the total charge Qtot using equation (6.1), where n is the 
number of electrons per mole of reaction (here n = 1), F is the Faraday constant (96485 
C/mol), and A is the effective surface area of working electrode (here A = 0.38 cm
2
).  
Fc=Qtot/nFA                                                              (6.1) 
We further determined the energy level of the highest occupied molecular orbital 
(EHOMO) which is centered at the Fc unit using equation (6.2), where Eabs, NHE is the absolute 
potential energy of hydrogen electrode (- 4.5 eV), e is the elementary charge, and E1/2,NHE is 
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the formal half-wave potential versus normal hydrogen electrode. Values of EHOMO and Fc 
are listed in Table 6.2.  
                                                         EHOMO = Eabs, NHE – e E1/2,NHE     (6.2) 
Photoelectron spectroscopy. X-ray photoelectron spectroscopy (XPS), ultraviolet 
photoelectron spectroscopy (UPS) and near edge X-ray absorption fine structure (NEXAFS) 
spectroscopy were carried out at the SINS (Surface, Interface and Nanostructure Science) 
beamline of Singapore Synchrotron Light Source (SSLS).
35
 All measurements were 
performed in an ultrahigh vacuum chamber with a base pressure of 1 × 10
-10
 mbar. Angular 
dependent C K-edge NEXAFS spectra were collected in Auger electron yield (AEY) mode 
using a Scienta R4000 electron energy analyzer.  
Determination of EHOMO and ELUMO. Apart from the electrochemical method, UPS was also 
used to derive the value EHOMO for all SAMs. EHOMO is calculated as the sum of working 
function and the HOMO onset potential. The value of ELUMO was derived from the first 
resonance peak of the NEXAFS spectra. In principle, the energy difference between LUMO 
and Fermi level (EF) is equal to the energy difference between 4e1g peak (PELUMO) and the C1s 
binding energy of cyclopentadienyl ring (BECp). In reality, the hole left in the core level after 
excitation of electron interacts with the excited electron and lowers the energy of the LUMO. 
The typical value of such exciton binding energy (BEexciton) in thin organic films is 0.5 eV.
36
 
ELUMO is given by the equation (6.3) and we used BEexciton = 0.5 eV in our estimations. 
                               ELUMO = PELUMO - BECp + BEexciton + EF                                   (6.3) 
Tile angle. The tilt angle (α) of ferrocene moiety was determined with angle dependent 
NEXAFS spectra. The intensity (I) of ferrocene π* resonance is given by36, 
  𝐼(𝜃) =
1
3
𝐴𝑃 [1 +  
1
2
(3cos2𝜃 − 1)(3cos2𝛼 − 1)] +  
1
2
𝐴(1 − 𝑃)sin2𝛼             (6.4) 
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where A is the normalization factor, P is the degree of linear polarization (0.9), θ is the 
incident angle of beam. We measured the intensity at θ = 20º and θ = 90º and determined the 
value of α by calculating the ratio of I (20º) and I (90º).   
SAM surface coverage and thickness. We also recorded Fe 2p spectra to determine the 
relative surface coverage of the SAMs by assuming that the SAM with X = CH2 has a 




. Angle dependent S 2p spectra were used 
to determine the thickness (d) of different monolayers on Ag
TS
 following well-established 
procedures.
37,38
 All spectra are dominated by S atoms chemisorbed on the Ag surface, with a 
branching ratio close to 2 (2p 3/2) : 1 (2p 1/2) and energy splitting difference of 1.2 eV. The 
signal intensity (I) decreases exponentially with the increase of d and sinθ (θ is the take-off 
angle). To normalize the footprint of the incident X-ray at different incident angle (γ), the 
effective signal intensity Iθ is given by  
                                                            𝐼𝜃 = 𝐼𝑐𝑜𝑠(90° −  𝛾)                                             (6.5) 
The SAM thickness can be calculated by equation (S5) as the sum of distance from Au to S 
atom (1.8 Å) and the distance from S atom to vacuum (d2),  
                                                             𝑑 = 𝑑2 +  𝑑𝑆−𝐴𝑢                                                  (6.6) 
and d2 is given by  














                          (6.7) 
Electrical measurements and analysis. We formed SAM based junction with cone-shaped 
GaOx/EGaIn top electrodes and measured the charge transport properties following 
previously reported procedures.
4
 For each type of junction we collected 364-552 J(V) curves 
of 17-23 junctions formed on 3 different Ag
TS
 substrates with an average yield of 92% (Table 
6.3). We recorded 4 J(V) traces first, and recorded another 20 traces in case the junction was 





 electrodes grounded. The data were statistically analyzed with established procedures.
39
 
By plotting the histogram of log|J| at each bias and fitting Gaussians to the histograms, we 
obtained the log-mean values of |J| (<log10R>G) and their log standard deviations (σlog). 
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Molecular Diodes Based on van der Waals 
coupling of the Molecular Orbitals with the 
Electrodes  
 
Abstract: Molecular diodes represent an important building block of future 
molecular electronics and have been pursued for decades. To achieve well-
performing molecular diode, it is required to engineering molecule-electrode 
interaction to be strong enough to generate electronic function and 
simultaneously sufficiently weak to ensure the orbitals remain localized on the 
molecule. However, such objective has been challenge with covalent 
interaction on metal and thus it is highly desired to explore alternative bottom 
electrode and molecule-electrode interaction to fulfil the purpose. Here we use 
graphene as the bottom electrode and form SAMs with active group directly 
interacting with graphene through van der Waals interactions. The junctions 
show rectification ratio up to 40 and the strategy we developed applies to 
various molecules without the need of specific anchoring group.  
 
7.1 Introduction 
Molecular diodes of the form of metal-molecule-metal have been 
proposed by Aviram and Ratner in 1974
1
 and, since then, molecular 
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rectification has been observed in both single molecule junctions
2-4
 and SAMs 
based junctions.
5-14
 However, the fabrication of well-performing molecular 
diodes with rectification ratio R of >10 is still challenging because the 
chemical, supramolecular, and electronic structure of the junction, all depend 
on various parameters which in turn all depend on one and another. Molecular 
diodes with monolayers of S(CH2)11Fc (Fc denotes ferrocene) have been 





 denotes template-stripped sliver, “-”, 
“//” and “/” denote a covalent interaction, noncovalent interaction, and the 
interface between GaOx and EGaIn,
15-17
 respectively). The diode shows a 
rectification ratio of 1.0 × 10
2
. We have systematically studied in detail the 
factors that deteriorate the performance of this molecular diode such as the 
roughness of the bottom electrode
18
, impurity of monolayer precursor
19
, the 
type of anchoring group, the electronic structure,
12,13
 and the supramolecular 
structure of the SAMs
20
. Overall speaking, one of the critical factors to 
achieve optimal performance is to couple the molecular frontier orbital 
involved in charge transport (i.e., the highest occupied molecular orbital, 
HOMO, or lowest unoccupied molecular orbital, LUMO) to the electrode 
strong enough to generate electronic function but sufficiently weak to ensure 
the orbitals remain localized on the molecule. 
The diode performance is also greatly affected by the molecule-
electrode coupling strength. Thiols chemisorbed on noble metal surfaces yield 
strong-molecule electrode interactions. We have shown before the molecular 
frontier orbital (in this case the HOMO located on the Fc) delocalizes over the 
gold electrode in case the Fc unit is directly connected to the sulfur anchor and 
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such diodes with the Fc units too strongly interacting with the metal do not 
rectify. When the Fc is separated from the sulfur by three CH2 units 
hybridization of the HOMO and metal wavefunction the metal is prevented 
and the diodes function well. All well-performing diodes with let’s say R 
values above 50 share this common feature and have the function group in van 
der Waals contact with one electrode and separated from the other by a long 
alkyl chain tether. In all these examples a non-covalent interaction between the 
functional group and the electrode is strong enough to induce electronic 
function while keeping the molecular orbitals confined to the functional group 
ensuring low leakage currents when the diodes are in the off-state.
12,14
  
A large number of molecular diodes are anchored to the electrodes via 
metal-thiolate bonds which are prone to oxidation in ambient conditions. 
Apart from metal thiolate chemistry, other strategies have been used to 
fabricate molecular diodes as well, Venkataraman et al. observed a modest 
rectification of R = 1.2 in single molecule junctions based on noncovalent Au-
amine interaction
21
 and Au-C covalent bond
22
 with values of R of 1.5. 
However such low R values can be caused by various factors including 
asymmetry of the shape of the electrodes and artifacts from the data selection 
procedures. Vuillaume et al. reported molecular diodes based on monolayers 
covalently immobilized on silicon
8
 and Metzger investigated molecular diodes 
based on Langmuir-Blodgett films.
6
 However, the rectification ratio of 
molecular diodes based on these alternative binding modes is disappointedly 
low (< 5 in most case). The motivation of this study is to develop molecular 
diodes that can circumvent the inherent limits of the metal-thiol bond and 
maintain high rectification ratio at the same time by taking advantaging of 
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alternative bottom electrode and SAM-bottom electrode interactions. This 
chapter describes a molecular diode that follows a new approach to solve the 
following challenges inherent to thiolate SAMs on noble metal surfaces: the 
low a stability of the metal thiolate bond against oxidation in ambient 
conditions, defects (especially grain boundaries) in the metal electrodes, and 
the difficulty in optimizing the molecular frontier orbital coupling with the 
metal electrode (see below). 
We have shown before that alkylamines form high-quality SAMs on 
graphene and lead to highly stable tunnel junction with symmetric electrical 
characteristics.
23
 Here we demonstrate that SAM of 11-
(Ferrocenyl)undecanamine (Fc(CH2)11NH2, FcC11NH2 for short) formed on 
graphene through non-covalent interaction acts a good molecular diode once 
contacted with GaOx/EGaIn top electrode. Figure 7.1a shows the schematic 
illustration of the junction structure. We form SAM of FcC11NH2 on graphene 
by taking advantage of the non-covalent interactions between Fc units and 
graphene substrate. Although noncovalent molecule-electrode interactions are 
strong enough to form molecular tunnel junctions,
24,25
 electronic functions 
have been rarely realized by utilizing such noncovalent interactions. Here we 
prove that the noncovalent graphene/Fc interaction enables localized HOMO 
level, which then participates in the charge transport in certain bias polarity 
(Figure 7.1b) and leads to a molecular diode with rectification ratio of ~40. 
We also demonstrated that the strategy of using noncovalent interaction to 
fabricate molecular diode is general and applies to other Fc-terminated 




Figure 7.1. (a) Schematic illustrations of the 
Cu//graphene/FcC11NH2//GaOx/EGaIn junction. α indicates the tilt angle of the 
Fc units. (b) Energy diagram of the junction under different bias polarity.     
 
7.2 Results and discussion 
7.2.1 Charge transport measurements 
SAM of FcC11NH2 were formed on graphene and junctions of the form 
of Cu//graphene/FcC11NH2//GaOx/EGaIn were fabricated to the study the 
charge transport through the SAM. In total, we fabricated 20 junctions with a 
yield of 95% and collected 443 traces J(V) data within ± 1.5 V (one trace: 
0→1.5V→-1.5V→0 in steps of 75 mV). Table 7.1 summarizes the statistics of 
the charge transport measurements. For each applied bias, the collected J(V) 
data were analyzed to derive the Gaussian mean of the values of log10|J| 
(<log10|J|>G) and the corresponding log standard deviation (σlog|J|). Figure 7.2a 
shows the average J(V) trace. Asymmetric J(V) curves were observed with 
J(+1.5V) was significantly higher than J(-1.5V) (positive rectification). Figure 
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7.2b shows the same average J(V) curve in linear scale. The rectification ratio 
of the junction is defined as R = J(+1.5V)/J(-1.5V) and the Gaussian mean 
value of log10|R| (<log10|R|>G)  and the log standard deviation (σlog|R|) are 
determined. The junctions show an average value of R of 43.4 (inset of Figure 
7.2b).  
 
Figure 7.2. Average J(V) curves of Cu//graphene/FcC11NH2//GaOx/EGaIn 
junctions in (a) semi-log and (b) linear scale plot. The inset of (b) is the 
histogram of the rectification ratio with a Gaussian fit (red solid line).  
 
7.2.2 SAM characterizations 
We have shown before that junctions of the form of Ag
TS
-SCnFcC13-
n//GaOx/EGaIn lead to negative rectification when Fc is close to GaOx/EGaIn 
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(10 ≤ n ≤ 13) and positive rectification when Fc is close to AgTS (n = 3).12 
The same junctions for n = 0-2 did not rectify, despite the close proximity of 
the Fc to the bottom-electrode because of hybridization of the HOMO of the 
Fc with the orbitals of the metal bottom electrode. We thus speculate that 
FcC11NH2 form SAM on graphene with the Fc units binding to graphene 
through π-π interactions and NH2 units locate at the top of the SAM. To verify 
this hypothesis, we used angle resolved XPS (ARXPS) to reveal the depth 
profiles of N and Fe in the SAM. Figure 7.3 shows the N 1s and Fe 2p3/2 
spectra at four different take-off angles (20°, 40°, 60° and 90°), which clearly 
proves the existence of amine and Fc units on graphene. Figure 7.4a shows the 
element ratio of the FcC11NH2 SAM on graphene as a function of the take-off 
angle between analyzer and sample surface. The intensity of N decrease with 
the increase of the take-off angle and the reverse is true for Fe, which indicate 
that NH2 units locate close to surface and Fc units are buried at the bottom of 
the SAM. The ARXPS proved that FcC11NH2 form SAM on graphene with Fc 
units binding to graphene directly. The orientation of the Fc units was further 
investigated with near edge X-ray adsorption fine structure (NEXAFS) 
spectroscopy. With angle dependent NEXAFS spectra, we determined the tilt 
angle (α, Fig. 7.1) of Fc (see Method). Figure 7.5 shows the NEXAFS spectra 
at 40° and 90° and we used the change in the intensity of the C 1s→4e1g signal 
(285.4 eV) to determine α = 31.4º. The small value of α suggests that the 
molecules form SAM with the cyclopentadienyl ring tend to be parallel to the 




Figure 7.3. Angle resolved (a) Fe 2p3/2 and (b) N 1s spectra of FcC11NH2 
SAM on graphene.   
 
Figure 7.4. Element ratio of Fe and N in FcC11NH2 SAM of a function of θ 




Figure 7.5. NEXAFS spectra of FcC11NH2 SAM with beam incidence angle 
of 40º and 90º.  
The FcC11NH2 SAM on graphene was also characterized with cyclic 
voltammetry, which was performed with SAM on graphene that was 
transferred onto Au as the working electrode, aqueous Ag/AgCl as the 
reference electrode and Pt as the counter electrode. The cyclic voltammogram 
(CV) was used to determine the peak anodic (Epa, in V) and cathodic (Epc, in V) 
potentials, the surface coverage (ГFc, in mol/cm
2
) and EHOMO. Figure 7.6 
shows the CV, where a single oxidation peak was observed with Epa = 0.59 V, 
which indicate a homogeneous monolayer formed on graphene and the value 
of Epa is consistent with SAM with Fc united buried inside.
12
 By following 





which is close to the ГFc of SFcC13 SAM on Ag
TS





electrochemical characterizations further confirmed the formation of SAM of 
FcC11NH2 on graphene through the π-π interaction between Fc units and 




Figure 7.6. CV of FcC11NH2 SAM at a scan rate of 0.1 V/s. 
 



















FcC11NH2 20 1 443 95 41.7(6.0) 
FcC11Br 21 2 473 90 31.3(5.5) 
[a]
A short junction is defined as a junction with a value of J exceeding 105 
A/cm
2
 (the compliance value of our instrument), while recording 20 J(V) 
scans.  
[b]
The total number of J(V) traces recorded for each SAM.  
[c]
The yield is defined as the number of non-shorting junctions divided by the 
total number of junctions. 
 
To this end, we developed a new molecular diode platform by utilizing 
the π-π interaction between graphene and Fc units. To prove the universality 
of the platform, we further integrated other Fc-terminated molecules into the 
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molecular junctions and investigate their rectification behavior. Following the 
same procedures, we prepared SAM of FcC11Br on graphene and collected 
statistics number of J(V) curves. Figure 7.7a and b show the average J(V) 
trace of Cu//graphene/FcC11Br//GaOx/EGaIn junctions in semi-log and linear 
scale, respectively. The junctions show asymmetric J(V) curves with an 
average value of R of 31.2, as determined from the Gaussian fit to the 
histogram of R (inset of Figure 7.7b). FcC11Br SAM was also characterized 
with electrochemical measurements and Figure 7.7c shows the CV. Similarly, 





respectively. The observations are consistent with formation of SAM on 
graphene with Fc units locate at the bottom and Br atoms locate at the top.        
Figure 7.7. Average J(V) curves of Cu//graphene/FcC11Br//GaOx/EGaIn 
junctions in (a) semi-log and (b) linear scale plot. The inset of (b) is the 
histogram of the rectification ratio with a Gaussian fit (red solid line). (c) CV 
of FcC11Br SAM at a scan rate of 0.1 V/s 
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Even though positive rectification was observed in Ag
TS
-SCnFcC13-
n//GaOx/EGaIn junctions, alkyl chain with three CH2 units was needed to 
decouple the orbital hybridization between Fc and Ag substrate. By taking 
advantage of the weak noncovalent interaction between Fc and graphene, we 
achieved rectification in junctions with Fc units directly contact with graphene. 
Because of the weak noncovalent interaction, the HOMO of Fc units remains 
localized and participates in charge transport in positive bias. It is also worthy 
to mention that the rectification ratio we achieved is among highest values 
reported for a molecular junction.   
 
7.3 Conclusions 
Fc-terminated molecules form SAMs on graphene by taking advantage 
of the π-π interaction between Fc units and graphene. Once incorporated into 
the EGaIn based junctions, the SAMs work as molecular diode with a 
rectification ratio of 40. The π-π interaction on one hand is strong enough to 
form SAM on graphene and on the other hand, is relatively weak enough to 
avoid strong coupling between graphene and Fc and thus make the HOMO 
localized to be able to participate in charge transport in one direction. Our 
work demonstrates a general strategy to realize molecular diode without the 
limitation of the covalent anchor group and the strategy is applicable to a 
variety of Fc-terminated molecules as well.   
We achieved positive rectification with the 
Cu//graphene/FcC11X//GaOx/EGaIn junctions without special requirement for 
X, i.e. the junctions in general behaviour as molecular diodes when X = Br 
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and NH2. Although negative rectification has been observed in the well 
characterized Ag
TS
-SC11Fc//GaOx/EGaIn junctions, positive rectification has 
been largely missed in SAM based junctions. The strategy we developed here 
provides a useful route to achieve positive rectification that is complementary 
to the existing results.  
  
7.4 Experimental details 
Synthesis of FcC11NH2. A Schlenk flask was charged with 500 mg (1.2 mmol) 
11-bromoundecanylferrocene, 331 mg (1.8 mmol) potassium phtalimide and 
20 ml DMF. The resulting solution was stirred for 5 h at 70 ℃. The DMF was 
removed in vaccuo, the crude product was taken up in dichloromethane and 
flash-filtered through a plug of silica, using dichloromethane as eluent. 
Solvent evaporation afforded 436 mg (0.9 mmol, 75 %) of the title compound. 
1
H NMR (300 MHz): 7.78 (m, 2 H, aromatic CH), 7.64 (m, 2 H, aromatic CH), 
4.05 (s, 5 H, cp), 4.02 (AA’, 2 H, cp), 4.00 (BB’, 2 H, cp), 3.34 (t, J = 7 Hz, 2 
H, CH2NR), 2.28 (t, J = 7 Hz, 2 H, CH2Fc), 1.64 (brd, 2 H, CH2), 1.46 (brd, 2 
H, CH2), 1.30 – 1.23 (brd, 14 H, CH2). 
13
C NMR (75 MHz): 168.04, 133.52, 
131.91, 122.82, 89.27 (ipso-C), 68.21 (subst. cp), 67.80 (unsubst. cp), 66.74 
(unsubst. cp), 37.77, 30.87, 29.40, 29.32 (brd), 29.26, 29.23, 28.94, 28.35, 
26.61.  
FcC11NH2: A round bottom flask was charged with 280 mg (0.6 mmol) of 
FcC11NC8H4O2, 30 ml ethanol and 100 mg of hydrazinium hydrate (~ 3.5 eq.). 
The mixture was refluxed for 4 h, allowed to cool down to room temperature 
and 10 ml KOH (1 M) were added. Addition of 30 ml dichloromethane, 
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extraction with 3 x 30 ml water, drying over sodium sulfate and solvent 
evaporation afforded 164 mg (0.5 mmol, 80 %) of the title compound. 
1
H 
NMR (300 MHz): 4.05 (s, 5 H, cp), 4.01 (AA’, 2 H, cp), 4.00 (BB’, 2 H, cp), 
2.63 (t, J = 7 Hz, 2 H, CH2), 2.27 (t, J = 7 Hz, 2 H, CH2), 1.46-1.39 (brd, 4 H, 
CH2), 1.25 (brd, 16 H, CH2, NH2). 
13
C NMR (75 MHz): 89.36 (ipso-C), 68.26 
(unsubst. cp), 67.87 (subst.), 66.80 (subst.), 42.11, 33.71, 30.98, 29.51-29.48 
(brd), 29.43, 29.39, 29.37, 26.76.  
Electrical measurements. Electropolishing of copper foil, chemical vapour 
deposition of graphene, SAM formation and charge transport measurements 
were all done with the same methods as detailed in Chapter 3.  
Electrochemistry characterization. To collect the CV of the SAMs, we used 
transferred graphene on Au as the working electrode. Briefly, 100 nm Au film 
was first deposited on clean Si wafer with 300 nm oxide layer with thermal 
evaporator (Kurt J. Lesker, Nano 36). CVD graphene on Cu was then 
transferred on to the Au film using the wet etching method. For the 
electrochemical measurements, aqueous Ag/AgCl was used as the reference 
electrode, Pt plate was used as the counter electrode and aqueous solution of 
1.0 M HClO4 was used as the electrolyte. CV were recorded between -0.1 V 
and +0.9 V with a scan rate of 0.1 V/s. All measurements were performed with 
an AUTOLAB PGSTAT302N with NOVA 1.10 software.  
Spectroscopy measurements. ARXPS were performed in an ultrahigh 
vacuum chamber with a base pressure of 3 × 10
-10
 mbar equipped with a 
PHOIBOS 150 Hemispherical Energy Analyzer (SPECS GmbH). The spectra 
were collected by using Mg Kα emission from XR-50 X-ray source (SPECS 
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GmbH). NEXAFS spectroscopy were carried out at the SINS (Surface, 
Interface and Nanostructure Science) beamline of Singapore Synchrotron 
Light Source (SSLS).
26
 All measurements were performed in an ultrahigh 
vacuum chamber with a base pressure of 1 × 10
-10
 mbar. Angular dependent C 
K-edge NEXAFS spectra were collected in Auger electron yield (AEY) mode 
using a Scienta R4000 electron energy analyzer. The tilt angle (α) of ferrocene 
moiety was determined with angle dependent NEXAFS spectra. The intensity 
(I) of ferrocene π* resonance is given by27, 
  𝐼(𝜃) =
1
3
𝐴𝑃 [1 +  
1
2
(3cos2𝜃 − 1)(3cos2𝛼 − 1)] +  
1
2
𝐴(1 − 𝑃)sin2𝛼                           
(6.4) 
where A is the normalization factor, P is the degree of linear polarization (0.9), 
θ is the incident angle of beam. We measured the intensity at θ = 40º and θ = 
90º and determined the value of α by calculating the ratio of I (40º) and I (90º).   
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Conclusions and outlook 
8.1 Conclusions 
Central to the development of molecular electronics is the understanding 
of the charge transport through molecular tunnel junctions. The development of 
molecular electronics has encountered several significant constraints towards 
better fundamental understanding and practical applications. One of the reasons is 
the lack of suitable and reliable platform to perform such charge transport studies. 
To this end, it is highly demanded to develop new platform to push forward the 
further development of molecular electronics. In this thesis, we fabricated 
molecular tunnel junctions on graphene and systematically discussed the effect of 
bottom electrode material, molecule-electrode coupling, supramolecular and 
electronic structure on the charge transport characteristics of molecular junctions. 
In the first part (Chapter 3-5), we used non-rectifying molecular tunnel junctions 
to understand the charge transport behaviors. By forming noncovalent SAMs on 
graphene, we developed highly stable molecular junctions with high-quality 
packing structure, studied the effects of supramolecular and electronic structure 
on the charge transport characteristics. In the second part (Chapter 6-7), we 
studied the charge transport through rectifying molecular tunnel junctions, i.e. 
molecular diodes. We further show that by engineering the supramolecular 
structure, the rectification of the tunnel junction can be switched between on and 
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off states and by engineering the molecule-electrode interaction, positive 
rectification with graphene as the bottom electrode was achieved.  
One of the factors that hamper the development of molecular electronic 
devices is the trade-off between stability and well-defined structure: stable 
covalent monolayers are defective because of the lack of self-repair while non-
covalent SAMs have well-defined structures but lack stability. We report in 
Chapter 3 that alkylamines form SAMs on graphene that are chemically stable 
(unlike other non-covalent SAMs and alkanethiolates on noble metals) and have 
well defined structures (unlike covalent monolayers). In other words, we found a 
system that does not seem to suffer from the trade-off between stability and 
structure. IR spectroscopy and MD calculations proved the high-quality packing 
structure of noncovalent SAMs on graphene. The DC and AC electrical 
measurements show that non-covalent H2NCn SAMs on graphene form a good 
tunneling barrier. The tunneling current follows an exponential decay with the 
increase of chain length. The mechanism of charge transport across the 
noncovalent junctions is coherent through-bond tunneling. Impedance 
spectroscopy revealed that the SAM resistance increases exponentially with 
increasing chain length and dominates the charge transport properties of the 
junctions; the SAM-electrode interface behave as ohmic-like contacts with a very 
low resistance within the measured bias range of ±1.0 V. Moreover, the junctions 
are electrically stable and they did not change their electrical characteristics over a 
period of more than 30 days in ambient conditions while organothiolate-metal 
bonds are only stable for 1-2 days.  
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Chapter 4 clarifies the origin of the odd-even effect of the charge transport 
in molecular tunnel junctions. Odd-even effect in molecular tunnel junctions 
provides an important route to control the charge transport characteristics with 
subtle change in molecular structure. However, the origin is still nor well 
identified and it is not known whether strong molecule-electrode interaction is 
needed or not. To address this issue and establish the general relevance of odd-
even effect to the rational design of molecular electronics, we further extend the 
noncovalent tunnel junctions on graphene and study the odd-even effect in charge 
transport in Chapter 4. MD calculations show the pro-odd and pro-even odd-even 
effect in the SAM packing energy and SAM-graphene interaction energy, 
respectively. Both odd-even effects lead to observed odd-even effect in the 
tunneling rates measured by J(V) measurements and the odd-even effect in the 
SAM resistance as determined by impedance spectroscopy. Moreover, the odd-
even effect in SAM packing density likely is the origin of the odd-even effect in 
the SAM capacitance. Based on these results, we conclude that odd-even effects 
SAM-based tunneling junctions are intrinsic properties of the SAMs without the 
prerequisite of strong SAM–electrode interactions. To generalize, by studying 
odd-even effects in this system we show the importance of the subtle balance of 
molecule-molecule and molecule-electrode interactions in the rational design of 
molecular junctions.   
In Chapter 5, we further exploited the advantages of the graphene based 
noncovalent platform and studied the effect of electronic structure on the charge 
transport with a properly designed system. We proved that the noncovalent 
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molecule-electrode interactions provide a feasible route to maintain the open-shell 
characteristics of stable organic radical molecule without additional alkyl chain 
for dehybridization. SAMs of PTM radical and its protonated analogue have been 
formed on graphene by using noncovalent π-π interactions. Effective reservation 
of the open-shell characteristics on graphene via noncovalent interaction paves 
way for further development of molecular magnet on graphene that is useful for 
graphene spintronic.  
Comparison of charge transport through SAMs of PTM radical and its 
protonated analogue provided a route to study the effect of electronic structure on 
charge transport without changing the supramolecular structure. We observed an 
enhancement of two orders of magnitude in charge tunneling rates in radical 
based junctions compared with its protonated analogue. We concluded that the 
enhancement is due to smaller energy offset between graphene Fermi level and 
frontier molecular orbital as a result of the emergence of SUMO/SOMO in the 
open-shell structure.  
In addition to the relevance to odd-even effects as described in Chapter 4, 
the effects of supramolecular structure on charge transport were also examined in 
molecular diodes. Chapter 6 shows the supramolecular structure play a crucial 
role in the performance of molecular diodes. The connect group affects the tilt 
angle of the functional group and thus the supramolecular structure of SAMs. We 
found that SAMs with smaller tilt angle are densely packed and form good 
molecular diodes with R of nearly two orders of magnitude, while SAMs with 
large tilt angle are poorly packed and lead to poorly rectifying diodes with R close 
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to unity because they suffer from large leakage currents. Although we also 
observed the change in electronic structure due to the connector group, the 
electronic effects are completely overshadowed by the supramolecular structure 
of the SAMs in this case. The combination of thorough investigation of the SAM-
packing structure in relation to the performance of molecular diodes is of potential 
interest to disciplines including nanoelectronics, supramolecular chemistry, 
interface engineering. The findings in Chapter 6 would be a general guideline for 
rational design of molecular diode, without being limited to a specific platform. 
In addition to supramolecular structure, the molecule-electrode interaction 
is also important to the performance of molecular diodes and thus it is important 
to engineer the interface interaction. Chapter 7 describes molecular diodes on 
graphene achieved by engineering the weak noncovalent molecule-electrode 
interaction. Fc-terminated molecules form SAMs on graphene by taking 
advantage of the π-π interaction between Fc units and graphene. Once 
incorporated into the EGaIn based junctions, the SAMs work as molecular diode 
with a rectification ratio of 40. The π-π interaction on one hand is strong enough 
to form SAM on graphene and on the other hand, is relatively weak enough to 
avoid strong coupling between graphene and Fc and thus make the HOMO 
localized to be able to participate in charge transport in one direction. Our work 
demonstrates a general strategy to realize molecular diode without the limitation 
of the covalent anchor group and the strategy is applicable to a variety of Fc-





The molecular electronic platforms we developed in this thesis based on 
noncovalent SAMs on graphene may open the way to two dimensional (2D) 
materials based molecular electronics with new functionalities, such as gate 
tunability and flexibility. In sharp contrast to bulk electrode materials, graphene 
electrode has electrically tunable Fermi level and thus, offers the possibility to 
electrically control the charge transport through molecular junction by applying 
gate voltage. In our opinion, this would be an important direction for further 
exploration of graphene based molecular electronics. By applying a gate voltage 
on bottom graphene electrode, the Fermi level of graphene can be electrically 
controlled, and the molecule orbital of SAMs may also be controlled in such a 
configuration. As a result, the gate voltage controls the energy alignment at 
molecule-electrode interaction, which in turn controls the charge transport 
through molecular junctions. Gating effect on one hand would introduce extra 
control of charge transport characteristics, on the other hand promotes the 
understanding of interface effects on charge transport. By dynamically change the 
band alignment at the interface, it is possible to identify the interface effects 
without changing other parameters, such as electronic and supramolecular 
structures.   
Due to the flexibility and transparence of graphene electrode, molecular 
tunnel junctions on graphene have the potential to fabricate flexible and 
transparent molecular electronic devices. Considering that wearable electronics 
have been an important direction for conventional electronic devices, it would 
180 
 
also be interesting to fabricate flexible molecular electronic devices given the 
endless possibilities of molecular properties.  
To further enrich the properties of such molecular tunnel junctions, future 
studies can integrate other functional molecules into the junctions or use other 2D 
materials as electrodes. In this thesis we have shown that radical molecule on 
graphene maintains its open-shell characteristics and Fc-terminated molecules 
work as molecular diodes. Assembling other molecules with photo response may 
generate interesting molecular optoelectronic devices and molecules with 
bistability may lead to molecular memory devices. While graphene is metallic 
electrode, semiconducting 2D materials may provide additional functionalities 
once used as electrodes to fabricate molecular tunnel junctions. Gate voltage 
switches the semiconductor between “on” and “off” states, which implies that 
molecular tunnel junctions on semiconductor may be used to fabricate tunneling 
field effect transistor with well-defined “on” and “off” states.   We note that the 
findings in this thesis would apply to the design of molecular electronics with 
other 2D materials as well. While we only studied vertical tunnel junctions on 
graphene in this thesis, it would also be interesting to fabricate planar tunnel 
junction with 2D materials as electrodes. The layered structure of 2D materials 
makes them suitable to fabricate such planar junctions. However, we realize one 
of the challenges with other 2D materials would be the development of proper 
binding chemistry between molecules and electrodes to fabricate stable and 
reliable devices.   
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Except working as an alternative molecular electronic platform, the 
structure of SAMs on graphene can be also used to study the properties of 
graphene, or other 2D materials if used as electrodes. We believe it would be 
interesting to study the collective electron excitations in graphene with the tunnel 
junctions. The electron tunneling process can be either elastic or inelastic. During 
the inelastic tunneling, the electron loss some energy, as a result of which, phonon 
modes or plasmon modes can be excited. Although such excitations have been 
observed with STM (scanning tunneling microscopy) junctions, molecular tunnel 
junctions would bring more control to the electronic excitations. As we shown in 
this thesis, the charge injection into graphene can be fine-tuned by the electronic 
and supramolecular structures of the monolayers, we expect the electronic 
properties of the junctions can be controlled in multiple ways, which in turn gives 
much flexibilities to control the electronic excitations.  
 
